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Overall  Program  Objectives: 

The  overall  goal  of  the  investigation  was  to  develop  a  fundamental  physical  modeling  of  the 
complex  thermal  and  mass  transport  mechanisms  at  the  various  scales  (from  the  laminate  to  the 
microstructural  and  phase  levels)  that  govern  the  interphase  formation  during  cure.  In  particular, 
the  goal  of  the  University  of  Connecticut  MEANS  effort  was  to  develop  a  comprehensive 
multiscale  description  of  the  cure  process  by  addressing  processing-related  issues  at  the  phase, 
microstructural,  and  laminate  scales.  The  integrated  modeling  tool  was  aimed  at  predicting  the 
constituent  phases  and  their  properties,  as  function  of  the  process  parameters;  these,  in  turn, 
were  to  be  used  in  the  mechanics  models  for  property  prediction  of  composite  structures.  The 
multiscale  modeling  was  aimed  at  providing  the  critical  information  on  processing-interphase- 
property  relationships  necessary  for  viable  modeling,  analysis,  design,  and  accelerated  insertion 
of  high  performance  composite  materials  in  various  aerospace  applications.  Detailed  theoretical 
and  experimental  investigations  were  carried  out.  The  research  was  synergistic  with  the 
activities  of  AFRL's  Structural  Materials  Branch  (Materials  and  Manufacturing  Directorate)  on 
mechanics  modeling  as  well  as  a  companion  MEANS  effort  at  Pennsylvania  State  University  on 
microstructural  modeling. 

To  this  end,  the  specific  S&T  Objectives  are  to: 

■  Develop  fundamental  models  for  the  micro/ nanoscale  (phase  and  micromechanical  level) 
transport  processes  contributing  to  interphase  formation,  and  to  quantify  the  parameters 
involved  in  the  physical  description. 

■  Couple  the  micro/ nanoscale  process  description  with  the  macroscale  (laminate  level) 
thermochemical  cure  models 


20050519  091 


REPORT  DOCUMENTATION  PAGE 

•  > 

The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  Vliour  per  response,  includii 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comrr 
of  information,  including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headc 
(0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  av 
subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMt 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


AFRL-SR-AR-TR-05- 

oHI 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 


Final  Report 


4.  TITLE  AND  SUBTITLE 

Curing  of  Composites:  An  Integrated  Multiscale  Process  Description  Towarc 
Tailored  Structures  and  Properties 


3.  DATES  COVERED  (From  -  To) 

1  Sep  2001  -  30  Nov  2004 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 

F49620-01- 1-0521 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 


Professor  Ranga  Pitchumani 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Department  of  Mechanical  Engineering  &  Institute  of  Materials  Science 

University  of  Connecticut 

191  Auditorium  Road,  Unit  3139 

StorrsCT  06269-3139  ^ 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

USAF/AFRL 

AFOSR 

875  North  Randolph  Street 
Arlington  VA  22203 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 

AFOSR 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 


Distribution  Statement  A.  Approved  for  public  release;  distribution  is  unlimited. 


14.  ABSTRACT 

During  the  cure  of  thermosetting  polymer  composites,  the  presence  of  reinforcing  fibers  significantly  alters  the  resin  composition 
in  the  vicinity  of  the  fiber  surface  via  several  microscale  processes,  forming  an  interphase  region  with  different  chemical  and 
physical  properties  form  the  bulk  resin.  The  interphase  composition  is  an  important  parameter  that  determines  the 
micromechanical  properties  of  the  composite.  Interphase  development  during  processing  is  a  result  of  the  mass-transport 
processes  of  adsorption,  desorption,  and  diffusion  near  the  fiber  surface,  which  are  accompanied  by  simultaneous  cure  reactions 
between  the  resin  components.  Due  to  complexities  of  the  molecular-level  mechanisms  near  the  fiber  surface,  few  studies  have 
been  carried  out  on  the  prediction  of  the  interphase  evolution  as  function  of  the  process  parameters.  To  address  this  void,  a 
kinetics  model  was  developed  in  this  study  to  describe  the  coupled  mass-transfer  and  reaction  processes  leading  to  interphase 
formation.  The  parameters  of  the  model  were  determined  for  an  aluminum  fiber/diglycidyl  ether  of 

bisphenol-A/bis(p-aminocyclohexyl)  methane  resin  system  from  available  experimental  data  in  the  literature.  Parametric  studies 
are  presented  to  show  the  effects  of  different  governing  mechanisms  on  the  formation  of  the  interphase  region  for  a  general 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

U 

U 

U 

17.  LIMITATION  OF  18.  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 
ABSTRACT  OF 


PAGES 

91 


19b.  TELEPHONE  NUMBER  (Include  area  code) 


Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39.18 


■  Determine  using  the  integrated  description,  the  interphase  structure  and  composition  as 
function  of  the  materials  and  process  parameters 

■  Develop  through  systematic  tests  and  existing  information  in  the  literature,  detailed 
mapping  of  the  interphase  structure  and  composition,  to  thermal,  mechanical,  and 
thermomechanical  properties 

■  Develop  models  to  establish  interphase-property  relationships. 

■  Integrate  Processing-Interphase  and  Interphase-Property  relationships,  and  conduct  studies 
on  predicting  the  interphase  structure,  composition,  and  overall  composite  properties  and 
performance  as  a  function  of  the  cure  cycle  and  material  parameters 

■  Using  the  integrated  description  to  develop  guidelines  for  cure  cycle  selection  for  processing 
composites  with  tailored  phase  structures  and  properties 


Summary  of  S&T  Completed: 

■  Physical  models  have  been  developed  to  describe  the  kinetics  of  the  adsorption,  desorption, 
diffusion,  and  reaction  phenomena  at  the  micro/ nanoscales,  leading  to  interphase 
formation.  Numerical  solution  of  the  governing  equations  has  been  implemented  for 
simulation  of  the  interphase  formation  as  function  of  the  processing  temperature,  fiber 
surface,  and  resin/catalyst  system  parameters.  Parametric  studies  have  been  conducted  to 
elicit  the  effects  of  the  various  parameters  on  the  interphase  evolution  with  time. 

■  Micromechanical  modeling  of  the  effects  of  the  interphase  property  variation  on  the  elastic 
modulus  and  stress  concentration  factors  has  been  completed  toward  establishing  interphase- 
property  relationships. 

*  The  phase  and  micromechanical  level  description  of  the  interphase  formation  phenomena 
have  been  coupled  with  a  macroscale  thermochemical  description  to  obtain  a 
comprehensive  processing-interphase-property  mapping. 

■  Systematic  studies  were  conducted  during  the  year  to  study  the  influence  of  the  cure  cycles 
on  the  interphase  formation  and,  in  turn,  the  composite  properties;  The  results  provide  for 
selection  of  optimal  cure  temperature  and  time  based  on  properties  desired  in  the  final 
composite. 

■  The  activities  also  focused  on  determination  of  the  model  parameters.  Approaches  for  the 
estimation  of  the  model  parameters,  based  on  direct  measurements 
of  the  nanoscale  interphase  composition  as  well  as  based  on 
measured  property  variations  near  a  fiber  surface  using  micro¬ 
interferometry  and  nano-indentation  tests,  were  developed. 

Additional  experiments  are  being  carried  out  for  a  comprehensive 
evaluation  of  all  the  model  parameters.  AFM  images  such  as  the  one 
shown  alongside  are  being  used  to  determine  the  interphase 
thickness,  which  together  with  nanoindentation  test  measurements, 
are  used  to  extract  the  model  parameters. 

■  Details  of  the  completed  tasks  are  provided  in  selected  publications  attached  to  this  report. 
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ABSTRACT:  During  the  cure  of  thermosetting  polymer 
composites,  the  presence  of  reinforcing  fibers  significantly 
alters  the  resin  composition  in  the  vicinity  of  the  fiber  sur¬ 
face  via  several  microscale  processes,  forming  an  interphase 
region  with  different  chemical  and  physical  properties  from 
the  bulk  resin.  The  interphase  composition  is  an  important 
parameter  that-  determines  the  micromechanical  properties 
of  the  composite.  Interphase  development  during  process¬ 
ing  is  a  result  of  the  mass-transport  processes  of  adsorption, 
desorption,  and  diffusion  near  the  fiber  surface,  which  are 
accompanied  by  simultaneous  cure  reactions  between  the 
resin  components.  Due  to  complexities  of  the  molecular- 
level  mechanisms  near  the  fiber  surface,  few  studies  have 
been  carried  out  on  the  prediction  of  the  interphase  evolu¬ 
tion  as  function  of  the  process  parameters.  To  address  this 


void,  a  kinetics  model  was  developed  in  this  study  to  de¬ 
scribe  the  coupled  mass-transfer  and  reaction  processes 
leading  to  interphase  formation.  The  parameters  of  the 
model  were  determined  for  an  aluminum  fiber/diglyddyl 
ether  of  bisphenol-A/bis(p-aminocyclohexyl)methane  resin 
system  from  available  experimental  data  in  the  literature. 
Parametric  studies  are  presented  to  show  the  effects  of  dif¬ 
ferent  governing  mechanisms  on  the  formation  of  the  inter¬ 
phase  region  for  a  general  fiber-resin  system.  The  interphase 
structure  obtained  from  the  model  may  be  used  as  input 
data  for  the  prediction  of  the  overall  composite  properties. 
©  2003  Wiley  Periodicals,  Inc.  J  Appl  Polym  Sd  89: 3220-3236, 2003 

Key  words:  adsorption;  composites;  curing  of  polymers; 
interfaces;  kinetics  (polym.) 


INTRODUCTION 

Fabrication  of  thermosetting  matrix  composites  is 
based  on  a  critical  step  of  cure,  which  involves  apply¬ 
ing  a  predefined  temperature  cycle  to  a  fiber-resin 
matrix  mixture.  The  elevated  temperatures  initiate  a 
crosslinking  cure  reaction  among  the  species  in  the 
matrix.  The  presence  of  fibers  has  been  found  to  sig¬ 
nificantly  influence  the  cure  reaction,  resulting  in  the 
formation  of  a  third  phase,  known  as  the  interphase, 
which  possesses  properties  distinct  from  those  of  the 
bulk  fiber  and  the  matrix.  The  interphase  resides  in  a 
region  between  the  original  constituents  of  the  com¬ 
posite  with  a  size  of  a  few  to  a  few  thousand  nano¬ 
meters.1-4  Although  the  region  has  a  submicroscopic 
scale,  it  essentially  forms  a  significant  portion  of  the 
matrix  in  the  composite.1  Also,  the  performance  of  the 
composite  is  determined  by  the  ability  of  the  matrix  to 
transfer  load  to  the  reinforcing  fiber  and  is  thus  con¬ 
trolled  by  the  interphase  region.  The  structure  and 
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properties  of  the  interphase  are  the  dominant  factors 
governing  the  overall  composite  properties  and  per¬ 
formance. 

Prediction  of  the  overall  composite  properties  in  the 
presence  of  the  interphase  region  involves  the  follow¬ 
ing  steps:1 

•  First,  the  manufacturing  parameters  must  be 
linked  with  the  interphase  structures.  For  exam¬ 
ple,  given  a  cure  temperature  and  pressure  cycle, 
the  chemical  composition  of  the  interphase 
should  be  determined.  In  this  step,  physical  and 
chemical  mechanisms  must  be  identified  and 
modeled  to  predict  the  interphase  structure. 

•  In  the  second  step,  the  known  interphase  struc¬ 
ture  is  related  to  the  interphase  material  proper¬ 
ties  such  as  glass-transition  temperature  ( Tg ),  flex¬ 
ural  modulus,  or  thermal  expansion  coefficient. 
This  step  is  primarily  based  on  the  experimental 
correlation  of  the  interphase  chemical  composi¬ 
tion  to  the  measured  interphase  material  proper¬ 
ties. 

•  The  last  step  is  to  link  the  interphase  material 
properties  to  overall  composite  properties  such  as 
the  strength,  fracture,  and  environmental  resis¬ 
tance. 

A  majority  of  the  studies  in  the  literature  focus  on 
the  experimental  determination  of  the  influence  of 
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interphase  layers  on  the  behavior  of  composite  mate¬ 
rials,2-5  that  is,  steps  2  and  3.  Surface  treatment  and 
sizing  parameters  are  widely  varied  to  tailor  the  struc¬ 
ture  of  the  interphase  region  and  to  examine  the  ef¬ 
fects  of  different  interphases  on  the  mechanical  behav¬ 
ior  of  the  composite  materials.  Several  studies  have 
been  conducted  in  this  regard  with  experimental  ap¬ 
proaches  or  numerical  calculations  such  as  finite  ele¬ 
ment  methods.4'6,7  The  studies  so  far  have  provided 
insights  into  the  qualitative  description  of  the  inter¬ 
phase  regions  and  their  influence  on  the  composite 
properties  for  typical  material  systems  used  in  prac¬ 
tice. 

The  first  step,  that  is,  the  prediction  of  the  inter¬ 
phase  structure  as  a  function  of  the  process  parame¬ 
ters,  forms  the  basis  of  the  other  two  steps.  However, 
due  to  complexities  of  the  molecular-level  mecha¬ 
nisms  that  occur  in  the  vicinity  of  the  fibers  during  the 
process,  few  investigations  have  been  conducted  in 
this  area.  The  overhead  comes  from  the  fact  that  a 
dozen  physical  and  chemical  mechanisms  contribute 
simultaneously  to  the  formation  of  the  interphase  re¬ 
gion,  and  only  few  of  these  mechanisms  can  be  rigor¬ 
ously  described  in  mathematical  models.  Garton  et  al.8 
showed  that  the  carbon  surfaces  influenced  the 
crosslinking  reaction  in  an  anhydride- epoxy  system 
by  adsorbing  the  tertiary  amine  catalyst  and  forming 
amine-rich  interphase  regions  near  the  carbon  sur¬ 
faces.  Similarly,  Sellitti  et  al.9  used  Fourier  transform 
IR  attenuated  total  reflection  spectroscopy  to  charac¬ 
terize  the  interphase  phenomena  in  an  epoxy-anhy¬ 
dride-catalyst  system  and  showed  that  the  surface 
species  introduced  on  graphitized  carbon  fibers  could 
promote  or  inhibit  the  crosslinking  process  by  the 
preferential  adsorption  of  the  catalyst.  Other  possible 
interphase  mechanisms  were  proposed  by  Drzal,4  in¬ 
cluding:  the  skin  area  of  the  fiber  might  have  morpho¬ 
logical  deviation  from  the  bulk  fiber;  the  surface  prox¬ 
imity  of  the  fiber  changes  the  structure  of  the  resin  in 
the  interphase;  surface  treatments  give  rise  to  chemi¬ 
cally  and  structurally  different  regions  near  the  fiber 
surface;  exposure  to  air  before  composite  processing 
results  in  the  adsorption  of  impurities  that  are  de¬ 
sorbed  at  elevated  temperatures;  and  the  presence  of  a 
thin  monomer  coating  on  the  surface  of  the  fiber. 

To  our  knowledge,  the  first  work  on  modeling  in¬ 
terphase  formation  in  thermosetting  composites  was 
presented  by  Palmese.1  The  model  predicts  the  inter¬ 
phase  composition  under  thermodynamic  equilibrium 
conditions  of  an  epoxy-amine  resin  mixture  near  a 
fiber  surface.  The  Gibbs  phase  rule  was  used  to  set  up 
the  equilibrium  state,  accounting  for  the  enthalpy  in¬ 
teraction  between  fiber  surface  and  resin  components, 
and  the  calculation  of  Gibbs  free  energy  was  based  on 
a  Flory-Huggins  type  lattice  structure.  The  model 
does  not  take  the  chemical  reactions  into  account,  and 
furthermore,  because  of  the  assumption  of  thermody¬ 


namic  equilibrium,  it  cannot  predict  the  interphase 
evolution  with  time  during  processing.  Hrivnak10  ex¬ 
tended  Palmese's  model  to  a  reacting  system  by  using 
renewal  theory  models  to  construct  the  assembly 
Gibbs  free  energy  and  the  associated  chemical  poten¬ 
tial. 

Adsorption  from  a  mixture  of  polymer  chains  and 
solvent  molecules  near  a  surface  was  presented  by 
Scheutjens  and  Fleer11  with  a  statistical  approach.  The 
partition  function  for  the  mixture  was  evaluated  with 
a  quasicrystalline  lattice  model,  which  in  turn,  gave 
the  number  of  chains  in  each  conformation  in  equilib¬ 
rium.  The  focus  of  the  work  was  on  polymer  adsorp¬ 
tion,  whereas  the  interphase  formation  in  thermoset¬ 
ting  materials  is  based  on  monomer  transport. 

The  objective  of  this  study  was  to  develop  a  kinetics 
model  for  the  prediction  of  the  interphase  growth  with 
time  during  thermosetting  composite  processing, 
which  would  account  for  the  simultaneous  cure  reac¬ 
tion.  The  model  describes  the  mass  transfer  of  the 
monomer  components  in  the  composite  system  before 
the  formation  of  the  polymer  macromolecules. 
Clearly,  our  intention  was  not  to  study  all  of  the 
previously-mentioned  mechanisms  contributing  to  in¬ 
terphase  development.  Rather,  our  focus  was  on  the 
mechanism  of  preferential  adsorption  of  the  resin 
components.  The  model  development  and  analysis 
presented  here  were  based  on  the  rationale  that  for  a 
given  specific  surface  treatment  and  coating  process, 
among  others,  the  formation  of  the  interphase  is  gov¬ 
erned  by  manufacturing-process-dependent  mecha¬ 
nisms,  principally  those  of  preferential  adsorption.  A 
systematic  study  of  the  adsorption  mechanism  will 
provide  information  on  how  the  interphase  evolves 
during  the  manufacturing  processes  and,  in  turn, 
point  out  ways  to  design  cure  cycles  to  optimally  tailor 
the  interphase. 

Experimental  studies12-14  have  shown  that  the  ad¬ 
sorption  of  an  epoxy  system  can  form  an  interphase 
layer  100-500  nm  in  thickness,  which  indicates  that 
adsorption  effects  penetrate  beyond  one  molecular 
layer.  In  this  study,  a  multilayer  coupled  adsorption- 
desorption- diffusion-reaction  model  was  developed 
to  predict  the  interphase  composition  evolution  for  a 
thermosetting  system.  The  formulation  was  based  on 
the  principle  of  mass  conservation  applied  to  a  do¬ 
main  consisting  of  discrete  molecular  layers.  The 
model  was  correlated  to  experimental  data  reported  in 
the  literature  to  determine  the  parameters  of  the 
model.  Parametric  studies  are  presented  to  illustrate 
the  effects  of  the  various  dimensionless  parameters  on 
the  interphase  development. 

INTERPHASE  FORMATION  MODEL 

The  cure  of  thermosetting  resin  systems  is  character¬ 
ized  by  the  reaction  between  prepolymer  (or  mono- 
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mer)  molecules  and  a  curing  agent  to  form  a 
crosslinked  network  that  cannot  flow  on  vitrification. 
The  reinforcing  fibers  alter  the  cure  characteristics  by 
selective  adsorption  of  resin  components,  which 
changes  the  concentration  of  the  reacting  species  in  the 
vicinity  of  the  fiber  surfaces.  The  goal  of  this  study 
was  to  predict  the  concentration  profiles  of  the  con¬ 
stituent  species  near  the  fiber  surface  by  consideration 
of  the  processes  that  occur  in  the  cure  reaction.  An 
inorganic  fiber /epoxy-amine  thermosetting  system  is 
considered  in  the  following  discussion;  however,  all  of 
the  derivations  and  results  are  applicable  to  a  general 
two-component  thermosetting  system. 

The  geometry  considered  is  the  half-infinite  space 
contacting  an  infinitely  large  flat  fiber  surface,  which 
may  be  justified  by  the  fact  that  the  interphase  thick¬ 
ness  is  much  smaller  in  comparison  to  the  fiber  diam¬ 
eter.  The  fiber  is  considered  to  have  an  epoxy  sizing 
layer  applied  to  its  surface.  The  sized  fiber  is  exposed 
to  an  epoxy-amine  resin  mixture,  and  the  epoxy  and 
amine  species  begin  reacting  with  each  other  at  f  =  0+ . 
Accompanying  the  chemical  reaction,  epoxy  mole¬ 
cules  diffuse  away  from  the  sizing  layer  adjacent  to 
the  fiber.  In  a  reverse  movement,  the  amine  molecules 
diffuse  into  the  sizing  layer  due  to  the  relatively 
higher  amine  concentration  in  the  bulk  resin  region. 
The  diffusion  process  has  a  tendency  to  eliminate  the 
concentration  gradients.  In  addition,  the  "force  field" 
of  the  fiber  surfaces  causes  the  epoxy  and  amine  mol¬ 
ecules  to  migrate  in  the  direction  towards  the  surfaces, 
a  process  referred  to  as  adsorption.  Also  the  adsorbed 
molecules  may  be  desorbed  to  the  bulk  resin  in  a 
desorption  process.  Unlike  the  diffusion  process,  the 
net  effect  of  the  adsorption  and  desorption  processes 
is  the  build  up  of  concentration  gradients.  All  the 
processes  mentioned  above  take  place  simultaneously, 
resulting  in  a  continuously  evolving  concentration 
profile  that  is  "frozen"  in  space  upon  gelation  of  the 
thermosetting  system. 

The  adsorption  phenomenon  at  the  equilibrium 
state  near  solid  surfaces  was  described  by  Brunauer, 
Emmett,  and  Teller  (referred  to  as  the  BET  theory).1516 
In  this  development,  the  concepts  in  BET  theory  were 
extended  to  the  transient  processes  in  the  interphase 
evolution.  Following  the  approach  of  the  BET  theory, 
the  domain  surrounding  the  fiber  surface  was  divided 
into  molecular  layers  where  one  molecule  of  epoxy  or 
amine  could  occupy  only  one  of  these  layers.  Due  to 
the  interaction  between  resin  molecules  and  the  fiber 
surface,  as  well  as  those  among  resin  molecules  them¬ 
selves,  epoxy  and  amine  molecules  can  move  from 
layer  to  layer.  Adsorption  is  a  process  where  mole¬ 
cules  bind  in  one  or  more  layers  onto  a  solid  surface 
through  chemical  or  physical  forces.  The  molecules 
that  bind  to  the  surface  are  called  the  adsorbate16  and 
are  referred  to  be  in  the  "adsorbed"  state.  Other  mol¬ 
ecules  that  are  unbound  to  the  surface  are  considered 


to  be  in  the  "bulk"  state.  The  solid  surface  can  adsorb 
molecules  from  a  bulk  state  into  an  adsorbed  state, 
and  conversely,  molecules  in  the  adsorbed  state  may 
be  desorbed  into  the  bulk  state.  Molecules  in  the  ad¬ 
sorbed  state  are  treated  to  be  fixed  in  the  space  and  are 
not  permitted  to  diffuse,  whereas  molecules  in  the 
bulk  state  may  diffuse  within  the  resin  mixture. 

Figure  1  shows  the  molecular  layers  in  the  model 
domain,  where  the  adsorption  layers  contain  mole¬ 
cules  in  the  adsorbed  state,  whereas  the  bulk  layers 
hold  molecules  in  the  bulk  state.  Although  the  adsorp¬ 
tion  and  bulk  layers  are  drawn  separately  to  illustrate 
the  mass  exchange  between  the  adsorbed  and  bulk 
states,  the  corresponding  layers  essentially  occupy  the 
same  space;  that  is,  the  ith  adsorption  layer  and  the  ith 
bulk  layer  overlap.  The  multiple  adsorption  layers  are 
formed  as  follows:  at  f  =  0,  there  are  no  molecules  in 
the  adsorbed  layers  because  the  adsorption  process 
has  not  begun,  and  all  of  the  resin  molecules  are  in  the 
bulk  state.  At  the  beginning  of  the  process,  t  —  0+, 
some  bulk-state  molecules  in  the  first  or  second  mo¬ 
lecular  layers  are  adsorbed  into  the  first  layer  of  the 
adsorbed  state  and  occupy  the  adsorption  sites  on  the 
bare  fiber  surface.  Note  that  the  molecules  beyond  the 
second  layer  cannot  be  adsorbed  directly  into  the  first 
layer  because  of  the  fact  that  they  are  out  of  contact 
with  the  first  layer.  In  the  next  time  step,  three  mass 
movements  could  happen:  (1)  some  of  the  molecules 
adsorbed  in  the  first  layer  could  be  desorbed  into  the 
bulk  in  the  first  and  second  layers,  (2)  the  molecules  in 
the  bulk  state  in  the  first  and  second  layers  could  be 
continuously  adsorbed  into  the  first  layer  at  the  re¬ 
maining  adsorption  sites  on  the  fiber  surface,  and  (3) 
the  molecules  in  the  bulk  state  in  the  first,  second,  and 
third  layers  could  be  adsorbed  on  top  of  the  molecules 
in  the  first  adsorption  layer,  forming  a  second  adsorp¬ 
tion  layer.  Similar  processes  continue  and  result  in  a 
multilayer  adsorbed  state,  as  shown  in  Figure  1. 

Because  the  molecules  in  the  adsorbed  state  are  not 
free  to  diffuse,  the  diffusion  process  is  only  driven  by 
the  concentration  gradient  in  the  bulk  state.  Chemical 
reactions  between  epoxy  (E)  and  amine  (A)  happen 
simultaneously  during  the  adsorption,  desorption, 
and  diffusion  processes.  The  reaction  equation  may  be 
written  as 

ttjE  +  «2 A  — >  P  (1) 

where  P  denotes  the  product  and  «]  and  n2  are  the 
molar  humbers  of  the  reactants  needed  to  produce  1 
mol  of  product. 

The  governing  equations  for  the  mechanisms  dis¬ 
cussed  so  far  may  be  derived  with  the  principle  of 
mass  conservation  for  a  control  volume  (CV);  namely, 
the  rate  of  increase  of  mass  in  the  CV  (storage)  equals 
the  difference  between  the  rate  of  mass  flow  into  the 
CV  and  the  total  depletion  of  mass  from  the  CV  aris- 
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Figure  1  Schematic  of  the  adsorption,  desorption,  and  diffusion  processes  in  an  epoxy-amine  system. 


ing  from  mass  outflow  and  mass  consumption  due  to 
chemical  reactions.  With  any  rth  adsorption  layer  in 
Figure  1  referred  to  as  a  CV,  the  principle  of  mass 
conservation  for  the  epoxy  molecule  yields 

dNEi 

-Jf~  =  KAi  -  1,  0  +  «)  +  R'A1  +  l'  0 

Storage  Adsorption,  JR<>£(0 


-  Rd,E(i  -  1,  i)  -  Rd,t(i,  i )  -  +  1,  i ) 

v  ^  * 

Desorption, 

-VirAi)  (2) 

Depletion  (reaction) 

where  dNE  i/dt  is  the  rate  of  change  of  the  total  num¬ 
ber  of  epoxy  molecules  in  the  ith  adsorption  layer,  and 
the  subscripts  E  and  i  denote  the  epoxy  and  ith  layer, 
respectively.  Epoxy  molecules  in  the  bulk  state  in  the 
(i  -  l)th,  ith,  and  (i  +  l)th  layers  may  be  adsorbed  into 
the  ith  molecular  layer,  denoted  by  the  rate  terms 
RaA*  -  0/  RaA{'  0/  and  RaA*  +  0/  respectively;  in 

a  reverse  process,  the  adsorbed  epoxy  molecules  in  the 
ith  layer  can  be  desorbed  into  the  bulk  in  the  (i  -  l)th, 
ith,  and  (i  +  l)th  layers,  and  their  respective  rates  are 
denoted  as  RdE(i  -  1,  i),  RdE(i ,  0,  and  RdE(i  +  1,  i). 
Further,  the  depletion  of  epoxy  in  the  ith  adsorption 


layer  through  chemical  reaction  is  represented  by  the 
rate  term  9ir  E(z). 

The  determination  of  the  rate  terms  of  adsorption, 
desorption,  and  reaction  are  illustrated  in  the  follow¬ 
ing  discussion.  The  adsorption  of  epoxy  molecules 
from  the  (i  —  l)th  layer  of  the  bulk  state  to  ith  layer  of 
the  adsorbed  state  is  given  as 


R.Ai  ~  h  i)  =  WNw  -  N.) 


X  exp 


Lh*) _ 

l  RTjN^-r 


+  NXJ  +  Ncy'+l 


where  the  parameter  ka  E  is  the  frequency  factor  in  the 
adsorption  rate  of  epoxy  molecules  and  N,  is  the  total 
number  of  epoxy  and  amine  molecules  adsorbed  in 
the  ith  layer,  that  is,  N,  =  NEJ  +  NA  r  Because  a 
molecule  adsorbed  into  the  ith  layer  must  adjoin  an 
adsorbed  epoxy  or  amine  molecule  in  the  (i  —  l)th 
layer,  the  term  N,_j  —  Nf  yields  the  number  of  avail¬ 
able  sites  in  the  (i  —  l)th  layer  that  are  open  for 
adsorption.  For  i  =  1,  the  term  N0  —  N-,  denotes  the 
available  sites  in  the  first  adsorption  layer,  where  N0  is 
the  number  of  adsorption  sites  on  the  bare  fiber  sur¬ 
face.  The  activation  energy  of  adsorption  for  the  epoxy 
molecules  is  denoted  as  Ea  E,  which  defines  the  energy 
barrier  to  be  crossed  for  an  epoxy  molecule  to  be 
adsorbed,  and  R  and  T  in  Eq.  (3)  are  the  Universal  gas 
constant  and  the  temperature,  respectively.  The  pa- 
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rameters  NE„ ,  and  NAa>i  are  the  number  of  epoxy  and 
amine  molecules  in  the  bulk  state  in  the  ith  molecular 
layer,  and  N„,  =  N£„,  +  NAmd.  Because  the  epoxy 
molecules  adsorbed  into  the  ith  layer  come  from  the  (i 
—  l)th,  ith,  and  (i  +  l)th  layers,  the  fraction  (NEo0ii-i  / 
Neo^-  j  +  i  +  Noo  i+1)  in  eq.  (3)  denotes  the  proba¬ 
bility  that  a  site  can  capture  an  epoxy  molecule  from 
the  (i  —  l)th  layer  of  the  bulk  state.  It  is  intuitively 
expected  that  the  parameter  kaE  should  vary  from 
layer  to  layer,  corresponding  to  a  progressively  de¬ 
creasing  adsorption  force  field  away  from  the  fiber 
surface.  However,  because  the  variation  of  kaE  is  not 
readily  obtained  from  existing  theoretical  or  experi¬ 
mental  means,  the  adsorption  rate,  kaE,  and  all  other 
adsorption/ desorption  rates  are  assumed  to  be  inde¬ 
pendent  of  location,  as  in  the  BET  theory.  This  as¬ 
sumption  will  be  relaxed  in  the  future  development  of 
the  model. 

Other  rate  terms  can  be  defined  in  a  similar  way, 
and  are  summarized  next: 


i )  =  UN,-,  -  m 


x  exp{  Rt)  +  N„  ■  +  N„i+ 
Ra,E(i  +  1,  i )  =  i  ~  NO 

Ne.^+i 


NEmi 


X  exp 


\  RTjN^y 


+  N«,j  + 

~  1,  0  =  Ri,E^>  0  =  R„.e(*  +  1/  0 

1  /  ErfE\N£l 

=  g  kdE(Nj  -  Nl+])exp^—  jjj 

=  nikrNu 


(4) 


(5) 


(6) 

(7) 


where  RdfE(i  -  1,  i)  is  the  rate  term  of  the  desorption 
of  epoxy  molecules  from  the  ith  absorption  layer  to 
the  (i  —  l)th  bulk  layer,  RdE{i,  i)  is  the  rate  term  of 
the  desorption  of  epoxy  molecules  from  the  ith  ab¬ 
sorption  layer  to  the  ith  bulk  layer,  and  RdE(i  +  1, 
i)  is  the  rate  term  of  the  desorption  of  epoxy  mole¬ 
cules  from  the  ith  absorption  layer  to  the  (i  +  l)th 
bulk  layer.  The  fraction  |  in  the  desorption  terms 
arises  from  the  assumption  that  the  probabilities  of 
desorption  from  the  ith  adsorbed  layer  to  each  of  the 
three  neighborhood  bulk  layers  are  identical.  The 
parameter  kd  E  is  the  frequency  factor  in  the  desorp¬ 
tion  rate  of  epoxy  molecules.  Because  a  molecule  in 
the  adsorbed  layer  i  can  be  desorbed  into  the  bulk 
state  only  if  the  molecule  has  no  molecule  adjoining 
it  in  the  (i  +  l)th  adsorbed  layer,  the  term  N,  -  Ni+1 
yields  the  number  of  molecules  in  the  ith  adsorbed 
layer  that  may  be  desorbed  into  the  bulk  state.  The 
activation  energy  of  desorption  ( Ed  E )  for  the  epoxy 


molecules  defines  the  energy  barrier  to  be  crossed 
for  an  epoxy  molecule  to  be  desorbed.  The  fraction 
NEi/Ni  arises  from  the  fact  that  among  all  of  the 
molecules  desorbed  from  the  ith  adsorbed  layer,  the 
probability  of  finding  an  epoxy  molecule  is  its  molar 
fraction  in  the  adsorbed  layer.  The  depletion  term, 
3tr  E(i)  in  eq.  (2),  is  determined  by  the  crosslinking 
chemical  reaction  between  epoxy  and  amine,  where  kr 
is  the  reaction  rate. 

A  similar  mass  conservation  analysis  may  be  ap¬ 
plied  to  the  amine  molecules  in  the  adsorbed  state  and 
to  the  product  molecules,  yielding  the  following  equa¬ 
tions  for  these  species: 

dNAi 

dt  ~  ^  +  K” l)  +  Ra^1  +  l'  l\ 

»  .v 

Storage  Adsorption, 


-  RiA(i  -  1,  i)  -  Ri  A{i,  i)  -  RdA(i  +  1,  i) 

Desorption,  9^(0 


-3W0  (8) 

Depletion  (reaction) 


dNP ,, 
dt 


=  krNEd 


(9) 


where  the  rate  terms  are  defined  similarly  to  those  in 
eqs.  (3)-(7)  by  changing  the  subscript  E  (epoxy)  to  A 
(amine),  and  91,,^(0  is  the  rate  term  representing  the 
depletion  of  amine  in  the  ith  absorption  layer  through 
chemical  reaction.  The  right  hand  side  of  eq.  (9)  has 
only  the  reaction  term  because  the  product  molecules 
are  assumed  to  have  no  mobility  and  will  stay  in  their 
space  of  formation.  Also,  NP  i  is  the  number  of  product 
segments  in  the  ith  layer  due  to  the  reaction  in  the 
adsorbed  state. 

Equations  (2),  (8),  and  (9)  pertain  to  the  mass 
transfer  rates  of  the  molecules  in  the  adsorbed  state. 
The  adsorbed  state  exchanges  mass  with  the  bulk 
state,  in  which  the  molecules  undergo  diffusion  in 
addition  to  the  adsorption,  desorption,  and  reaction 
processes.  Considering  the  rate  of  change  of  the 
number  of  epoxy  molecules  in  the  bulk  state  in  the 
ith  layer,  that  is,  dNEao  i/dt,  the  following  four  types 
of  contributions  were  identified:  (1)  diffusion  of  ep¬ 
oxy  molecules  in  the  bulk  state  from  the  (i  +  l)th 
and  (i  —  l)th  layers  to  ith  layer,  which  increases 
NE„ (2)  desorption  of  epoxy  molecules  in  the  ad¬ 
sorbed  state  in  the  (i  —  l)th,  ith,  and  (i  +  l)th  layers 
to  the  ith  layer  of  the  bulk  state,  which  increases 
NEoo/,  (3)  epoxy  molecules  in  the  bulk  state  in  the  ith 
layer  being  adsorbed  to  the  (i  -  l)th,  ith,  and  (i 
+  l)th  layers  of  the  adsorbed  state,  which  reduces 
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Ne„ and  (4)  chemical  reaction  in  the  bulk  in  ith  is  controlled  by  the  retarded  diffusion  process  at  later 
layer,  which  depletes  N£oci.  We  then  obtained  stages  of  the  cure  and  is  given  as 


dN^j  n  +  N£„j+i  2NE„J\ 

~ 1T~Dea\  II2  ) 

+  Ri,t(i,  i  -  1)  +  RdfU'  0  +  RiAi>  i  +  1) 

-  Ro£(i,  i  -  1)  -  R„,E(i,  i)  -  R„/£(i, 1  +  1) 

-  (10) 

where  DEA  is  the  mutual  diffusion  coefficient  in  the 
binary  epoxy-amine  mixture  and  A L  corresponds  to 
the  physical  size  of  a  molecular  layer.  All  the  rate 
terms  were  defined  previously  [eqs.  (3)-(6)].  Similarly, 
we  obtained  the  rate  equations  for  NAmi  and  ,  as 


dNA oaj  I N ]  2 N 

~dT~UBA\  a T2  ) 

+  Rd ,a(«/  i  -  1)  +  RdA(i,  i )  +  RiA1’  *  +  1) 

-  Ra-A(i,  i  -  1)  -  R0,„(/,  0  -  Ra  A(i,  i  +  1) 

-  n2krNE„ti  (11) 


dNp„j 

~dT 


krNEK/j 


(12) 


,  krvexpi-EJRT) 

kr  = - g- -  (15) 

1  +  yr— exp(-E„/RT) 

UEA 

where  kro  is  the  Arrhenius  pre-exponential  constant,  80 
is  the  coordination  sphere  reaction  parameter,  and  En 
is  the  reaction  rate  activation  energy.17 

The  unknowns  in  eqs.  (2)-(12)  are  the  number  of 
molecules,  NE/„  NAi,  NPii,  NE„ N^„f,  and  NPoo<I,  When 
i  goes  from  1  (corresponding  to  the  layer  adjacent  to 
the  fiber  surface)  to  NL  (corresponding  to  a  far  region 
layer),  we  have  six  more  unknown  variables  thari 
equations  because  the  equations  for  NLth  layer  involve 
the  number  of  molecules  in  the  ( NL  +  l)th  layer.  We 
assumed  that  the  influence  of  the  fiber  surface  cannot 
propagate  to  an  infinite  distance,  which  yielded  two 
conditions  for  the  far  region:  (1)  the  numbers  of  mol¬ 
ecules  in  the  adsorbed  state  are  zero,  and  (2)  the 
numbers  of  molecules  in  the  bulk  state  are  constants. 
The  far  region  conditions  provide  six  additional  equa¬ 
tions: 

[Adsorbed  state]  NE/Nl+j  =  0; 


where  is  the  number  of  product  segments  in  the 
ith  layer  due  to  the  reaction  in  the  bulk  state. 

The  rate  equations  for  species  in  the  bulk  state  must 
be  solved  simultaneously  with  those  corresponding  to 
the  adsorbed  state.  The  diffusivity  (DEA)  and  kr  are 
functions  of  the  extent  of  cure.  The  diffusivity  is  de¬ 
scribed  by  free-volume  theory  as17 

Dea  =  D0exp(-ED/RT)exp[-bD/(fg  +  a/T  -  Tg(£)])] 

(13) 

where  D0,fg,  and  ay  are  constants;  ED  is  the  activation 
energy;  and  bD  is  an  empirical  constant.  Tg(£)  defines 
the  available  free  volume  and  degree  of  rotational 
restriction,  which  in  turn,  are  functions  of  the  reaction 
extent,  f  =  NE(t)/NEOr  defined  as  the  ratio  of  the  total 
concentration  of  epoxy  at  a  time  instant  to  that  at  time 
zero  (initial  concentration).  The  parameters  Dg,  bD,  fg, 
oLf,  and  Ed  in  the  model  depend  on  the  type  of  ther¬ 
mosetting  system  and  can  be  determined  by  the  ap¬ 
proach  described  by  Sanford.17  The  DiBenedetto  equa¬ 
tion  relates  Tg  to  the  extent  of  cure  as17 


Na,nl+i  —  0;  NPNl+i  —  0 
[Bulk  state]  Ne„Nl  =  Ne„jNi+1; 

N/s»,Nl  =  Na„'Nl+i;  Np„Nl  =  (16) 

Equations  (2)  and  (8)-(12),  where  i  =  1,  2, ... ,  Nu  and 
the  far  region  conditions  constitute  a  complete  ordi¬ 
nary  differential  equation  system  for  the  6 NL  un¬ 
knowns.  For  a  thermosetting  system  with  a  fiber  siz¬ 
ing  thickness  of  Ns  molecular  layers,  the  initial  condi¬ 
tions  of  the  ODE  system  are  (1)  the  numbers  of 
molecules  for  each  species  in  the  adsorbed  state  and 
the  number  of  product  in  the  bulk  state  are  zero;  (2) 
within  the  epoxy  sizing  layer,  the  number  of  the  epoxy 
is  a  constant,  NE  v  whereas  the  number  of  the  amine  is 
zero;  and  (3)  beyond  the  sizing  layer,  the  numbers  of 
epoxy  and  amine  species  are  constants,  NE  0  and  NA  0, 
respectively.  The  mathematical  expressions  for  the  ini¬ 
tial  conditions  may  be  written  as: 

Nu  =  N„,  =  NPfS  =  NP„,f  =  0  (i  =1,2 - Nl) 

Nw  =  NEi1;  N„„,  =  0  (i  =1,2 - Ns) 


Tg(8  -  n 

yO 


(Ex/Em  -  Fx/Fm)(  1 
1  -  (1  -  FX/FJ(1  - 


NEm,i  —  Neo;  NA„:i  —  Nao 


Ns  +  1 . Nl) 

(17) 


where  the  constants  T°g,  EJEm,  and  FJFm  can  be  The  initial  conditions  for  the  species  in  the  adsorbed 
obtained  through  experimental  data  of  Tg  versus  £  kr  state  require  that  the  resin  mixture  is  separated  from 
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TABLE  I 

Properties  of  the  DGEBA/PACM20  Resin  Components14 


Resin  component 

M  (g/mol) 

p  (kg/m3) 

DGEBA 

382.4 

1170 

PACM20 

198.3 

960 

the  fiber  surface  before  tsO,  which  corresponds  to  the 
manufacturing  processes  of  the  thermosetting 
prepregs  or  processes  such  as  resin  transfer  molding. 
For  composite  materials  processing  that  utilizes 
prepregs,  the  initial  conditions  may  be  changed  to  the 
concentration  profiles  within  the  prepreg  materials. 

Equations  (2)  and  (8)-(12)  were  solved  with  a 
fourth-order  Runge-Kutta  method.18  Corresponding 
to  the  numerical  range  of  the  dimensionless  groups 
introduced  later  in  this  article,  a  dimensionless  time 
step  of  0.001  yielded  converged  results.  The  numerical 
computations  were  carried  out  until  the  system 
reached  its  gelation  point,  which  was  defined  as  the 
point  where  the  total  number  of  the  epoxy  molecules 
reduced  to  40%  of  its  original  value. 

RESULTS  AND  DISCUSSION 

The  model  developed  in  the  previous  section  was 
used  to  calculate  the  molar  concentration  of  the  resin 
components  as  a  function  of  molecular  layers  under 
isothermal  conditions,  T  =  T»  where  T0  is  the  constant 
temperature  at  which  the  process  takes  place.  The 
model  was  correlated  to  the  concentration  profile  mea¬ 
sured  experimentally  by  Arayasantiparb  et  al.14  to 
determine  the  parameters  of  the  model.  The  experi¬ 
mental  study  measured  the  composition  of  an  epoxy¬ 
aluminum  interphase  with  spatially  resolved  electron 
energy-loss  spectroscopy  (EELS)  in  a  scanning  trans¬ 
mission  electron  microscope.  The  material  system  con¬ 
sisted  of  an  aliphatic  bis(p-aminocyclohexyl)methane 
(PACM20)  curing  agent,  an  aromatic  diglycidyl  ether 
of  bisphenol-A  (DGEBA)  epoxy  resin,  and  a  single 
aluminum  fiber  with  a  diameter  of  125  pm.  The  prop¬ 
erties  of  the  resin  components  as  reported  in  ref.  14  are 
given  in  Table  I.  Energy-loss  spectra  were  collected  for 
the  DGEBA/PACM20  system  at  different  locations  of 
the  sample  and  were  used  to  determine  the  local  vol¬ 
ume  fraction  of  PACM20.  More  discussion  on  the 
experimental  measurement  can  be  found  in  ref.  14. 

Because  the  experimental  data  was  presented  in  the 
form  of  PACM20  (in  a  binary  mixture  of  DGEBA  and 
PACM20)  volume  fraction  as  a  function  of  distance 
from  the  aluminum  fiber  surface,  the  molar  numbers 
and  molecular  layer  used  in  the  model  needed  to  be 
transformed  to  the  corresponding  quantities.  The 
physical  dimensions  of  the  molecular  layers  in  the 
system  could  be  estimated  as  the  size  of  resin  mole¬ 
cules.  The  calculations  assumed  the  molecules  to  be 


spheres  and  a  uniform  molecular  weight  distribution 
equal  to  the  average  molecular  weight.  The  assump¬ 
tions  could  be  relaxed  if  we  accounted  for  a  monomer 
molecular  weight  and  shape  distribution  to  arrive  at 
better  estimates  of  the  sizes.  The  molecular  volume  vm 
was  found  as  vm  =  ( M/pNa ),  where  M,  p,  and  Na  are 
the  molecular  weight,  density,  and  Avogadro's  num¬ 
ber,  respectively.  The  size  of  each  molecular  layer  was 
estimated  as  [6um/'7r)1/3  and  was  evaluated  to  be  1.00 
run  from  the  size  of  the  DGEBA  molecules.  The  size  of 
PACM20  molecules  was  0.87  nm,  which  was  similar  to 
that  of  DGEBA.  Furthermore,  the  molar  concentra¬ 
tions  of  each  species  could  be  transformed  to  volume 
fractions  through  the  expression  n  =  (Vp/M),  where  n 
is  the  molar  number  of  a  species  and  V  is  the  volume. 
The  volume  fraction  of  PACM20  (<£„)  may  be  related 
to  its  molar  fraction  (XA)  as 

XAMA/  pA 

A  ~  XaMa/pa  +  (1  -  XA)ME/pE 

where  the  subscripts,  E  and  A,  denote  the  DGEBA  and 
PACM20,  respectively. 

The  goal  of  the  correlation  study  was  primarily  to 
examine  the  ability  of  the  model  to  reflect  the  physical 
trends  in  the  data.  At  this  stage,  a  systematic  approach 
to  directly  determine  all  the  parameters  of  the  model 
is  not  available  and  may  be  a  subject  of  future  work. 
An  optimization  program  implementing  the  simu¬ 
lated  annealing  method19  was  used  to  minimize  the 
objective  function  that  defines  the  sum  of  the  squares 
of  the  difference  between  the  model  prediction  of  the 
composition  profile  and  the  experimental  data  from 
Arayasantiparb  et  al.14  The  objective  function  is  gov¬ 
erned  by  eight  independent  variables,  namely,  the 
diffusion  parameters,  D(,exp(-ED/RT)/AE2  and  bD; 
the  reaction  parameter,  krtfixp(~Ea/RT);  the  relative 
number  of  adsorption  sites  on  the  fiber  surface,  N0/NE0; 
and  the  adsorption  and  desorption  rate  parameters, 
Kjexp(~Ea,E /RT),  kiEexp(-EdE/RT),  kaAexp(-EaA/ 
RT),  and  kdAexp(-EdA/RT)  where  kaA  is  the  absorption 
rate  of  amine  molecules,  E„  A  is  the  adsorption  activation 
energy  of  amine  molecules,  kdA  is  the  desorption  rate 
of  amine  molecules,  and  Ed  A  is  the  desorption  activa¬ 
tion  energy  of  amine  molecules.  The  method  of  simu¬ 
lated  annealing  draws  analogy  from  thermodynamics, 
specifically  the  way  that  liquids  freeze  and  crystallize 
or  that  metals  cool  and  anneal.  At  high  temperatures, 
molecules  move  freely  with  respect  to  one  another.  If 
the  cooling  is  carried  out  slowly,  the  atoms  often  line 
themselves  up  probabilistically  and  form  a  pure,  or¬ 
dered  crystalline  structure,  which  represents  a  mini¬ 
mum  energy  state.  Analogously,  the  optimization  ob¬ 
jective  function  is  treated  as  an  energy,  and  for  an 
assumed  cooling  schedule,  called  the  annealing  sched¬ 
ule,  the  design  configurations  undergo  a  series  of 
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TABLE  II 

Model  Parameters  Reported  in  the  Literature  for  the 
DGEBA/PACM20  System17 


Parameter 

Value 

Parameter 

Value 

EJE,„ 

0.337 

F*/Fm 

0.194 

T°g  (K) 

a/OC1) 

254 

fs  , 

0.025 

5.0  X  10~4  (T>T  ); 

5.0  x  10“ 5  (T  <  T 

80  (cm2/s) 

0.220 

probabilistic  rearrangements,  eventually  leading  to 
the  minimum  energy  solution.  More  detail  is  available 
in  the  literature  on  the  optimization  technique.19 

The  parameters  of  the  model  available  in  the  litera¬ 
ture17  are  given  in  Table  II,  and  the  values  of  the 
parameters  obtained  from  the  correlation  are  tabu¬ 
lated  in  Table  III.  The  following  observations  are  illus¬ 
trated  in  Table  HI:  (1)  the  adsorption  rate  of  DGEBA, 
ka^exp(-EaE/ RT),  was  three  orders  of  magnitude 
smaller  than  its  desorption  rate,  kdEexp(—EdE/RT), 
indicating  that  the  aluminum  surface  did  not  have 
affinity  with  the  DGEBA  molecules;  (2)  the  adsorption 
rate  of  PACM20,  ka  Aexp(—Ea  A/RT),  was  two  orders 
of  magnitude  larger  than  its  desorption  rate, 
^t,xexp(  ““  ^d. a  / RT)#  denoting  a  preferential  adsorption 
on  the  PACM20  species  as  reported  by  Arayasantiparb 
et  al.;  (3)  the  value  of  reaction  rate,  kroexpi-EJRT), 
was  similar  to  that  reported  by  Sanford,17  and  (4)  the 
value  of  diffusivity  determined  by  the  parameters 
D0exp(-ED/RT)/AL2  and  bD  was  roughly  an  order  of 
magnitude  larger  than  that  reported  by  Sanford,  and 
(5)  the  number  of  adsorption  sites  on  the  aluminum 
surface  (N0)  was  about  65%  of  the  initial  number  of 
DGEBA  molecules  in  the  bulk  (NE0).  In  most  cases,  the 
fitting  results  were  consistent  with  the  data  in  the 
literature. 

Figure  2(a)  shows  the  correlation  results  in  terms  of 
the  PACM20  volume  fraction  as  a  function  of  distance 
from  the  aluminum  wire  surface.  The  dashed  line 
denotes  the  experimental  data,  and  the  solid  line  cor¬ 
responds  to  model  prediction.  The  prediction  closely 
followed  the  data  over  the  entire  range.  The  concen¬ 
tration  of  PACM20  in  terms  of  percentage  volume  was 
a  large  value,  80%,  at  the  aluminum  surface,  indicat¬ 
ing  a  preferential  adsorption  on  the  species,  and  de¬ 
creased  sharply  away  from  the  fiber  surface.  In  the 
region  between  100  and  1500  nm,  experimental  mea¬ 
surements  were  not  reported,  and  Arayasantiparb  et 


Figure  2  Comparison  of  the  interphase  composition  profile 
predicted  by  the  model  and  available  experimental  data14 
for  an  aluminum  fiber/DGEBA-PACM20  system,  over  (a)  a 
relative  large  region  from  the  fiber  surface,  and  (b)  die 
interphase  region. 


al.14  stated  that  the  concentration  was  a  constant  bulk 
value  of  25%.  As  shown  in  Figure  2(a),  the  model 
predicted  a  decrease  in  the  concentration  to  22%  be¬ 
fore  the  recovery  of  the  bulk  concentration  at  25%.  The 
model  prediction  pointed  to  the  fact  that  the  mass 
aggregation  in  the  region  0-100  nm  had  to  be  com¬ 
pensated  by  the  mass  deficit  beyond  the  region.  How¬ 
ever,  the  deficit  may  be  too  small  to  have  been  dis¬ 
cerned  in  the  experimental  measurement  technique. 
Figure  2(b)  shows  a  close-up  view  of  Figure  2(a)  in  the 
region  0-100  nm.  The  error  bars  of  the  experimental 
data  as  provided  in  ref.  14  are  included  for  compari¬ 
son.  Overall,  Figure  2  demonstrates  the  ability  of  the 
model  to  represent  the  physical  trends.  As  pointed  out 
previously,  the  parameters  of  the  model  should  be 


TABLE  III 

Model  Parameters  Determined  by  the  Correlation  to  Experimental  Data 
Parameter  Value  Parameter  Value 


D0exp( -ED/RT)/ AL2  (1/s)  6.05  x  104  bD 

k^M-EJRT)  (1/s)  1.08  x  10-"  N0/NE0 

kaEexp(-EaE/RT)  (1/s)  2.04  x  10'5  kdEexp{-EdE/RT)  (1/s) 

J^exp(— E^/RT)  (1/s)  0.85  kdAexp{-EdA/RT)  (1/s) 


5.48  x  10"2 
0.65 

1.58  x  10"2 
1.03  X  10“2 
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determined  through  direct  experimental  or  theoretical 
methods  in  a  future  work. 

With  the  correlation  results  of  the  interphase  forma¬ 
tion  model  as  basis,  parametric  studies  were  con¬ 
ducted  to  illustrate  the  effects  of  different  parameters 
on  the  interphase  composition  and  thickness  of  an 
epoxy /amine  system.  Dimensionless  forms  of  eqs. 

(2) -(12)  were  used  to  identify  relevant  nondimen- 
sional  groups  that  governed  the  process.  By  introduc¬ 
ing  a  dimensionless  time  (f')  as  kaEe~(E’i/RT^t  and 
dividing  all  the  number  of  molecules  (e.g.,  NE„  NAi, 
N0)  by  the  initial  number  of  epoxy  molecules  in  the  far 
region  layers  (NE0;  e.g.,  N'Ei  =  NE  i/NE0),  we  identified 
the  principal  dimensionless  groups  as  follows:  (1)  ep¬ 
oxy  desorption  ratio,  /3E  =  (kdE/kaE)e~(Eji:~E‘-c)/RTo;  (2) 
amine  desorption  ratio,  (3A  =  (kt/rA/kaE)e~(Ej^~E‘-c)/RTa; 

(3)  amine  adsorption  ratio,  aA  =  (kaiA/kaiE)e~^E‘^~E‘^/RTo; 

(4)  adsorption  Damkohler  number,  y  =  (kr/ka  E)e^E‘j:/RT^; 
and  (5)  diffusion  ratio,  4>ea  ~  (Pea/ &L2ka  E)eiE,J!/RT,,\  In 
the  parametric  study,  the  number  of  molecular  layers  in 
the  model  domain  was  kept  fixed  at  NL  =  100,  and  the 
physical  dimension  of  a  molecular  layer  was  chosen  to 
be  1.00  nm,  that  is,  the  value  for  the  DGEBA/PACM20 
system. 

Figures  3-5  present  the  evolution  of  the  concentra¬ 
tion  profiles  with  time  for  three  selected  scenarios  to 
illustrate  the  influence  of  each  mechanism  considered 
in  the  model.  Although  the  total  concentrations  are  the 
most  relevant  to  the  composite  material  properties,  the 
results  of  the  adsorbed  and  bulk  fractions  are  pre¬ 
sented  as  well  to  better  elucidate  the  trends  in  the  total 
concentration  development.  Figure  3(a-f)  shows  the 
distributions  of  the  number  of  epoxy  and  amine  mol¬ 
ecules  from  the  fiber  surface  (layer  1)  to  the  far  region 
(layer  100)  at  different  nondimensional  times  during 
the  process.  Figure  3(a,b)  presents  the  concentration 
profiles  for  the  molecules  in  the  adsorbed  state.  Figure 
3(c,d)  corresponds  to  bulk  state  concentration  profiles, 
and  Figure  3(e,f)  shows  the  total  concentrations  of 
epoxy  and  amine,  N'E  tot  and  N'Atot,  respectively.  The 
results  correspond  to  the  parameter  combination  of  Ns 
—  0  (i.e.,  without  a  sizing  layer),  y  =  0,  0E  =  0.5,  aA 
+  1.5,  (iA  =  0.5,  N'e o  =  N'ao  =  1,  NE  i  =  2,  N'0  =  1  [Nq 
=  ( N0/NE0 )],  and  (f>EA  =  60.0.  y  was  set  to  zero  to 
examine  the  effects  of  the  adsorption  and  desorption 
processes  in  the  absence  of  chemical  reactions.  The 
desorption  ratios  (3E  and  /3A  were  relatively  small, 
which  indicated  that  the  resin  molecules  were  easily 
adsorbed  onto  the  fiber  surface. 

In  the  adsorbed  state  profiles.  Figure  3(a,b),  the 
number  of  molecules  for  both  of  the  species  increased 
due  to  adsorption  onto  the  surface,  resulting  in  a  high 
concentration  region  near  the  fiber  surface.  The  con¬ 
centration  profiles  propagated  from  a  small  region 
near  the  fiber  surface  at  f '  =  0.2  to  the  far  region  at  the 
final  time  t'  =  102.0,  which  was  identified  as  a  strong 
adsorption  effect.  The  number  of  epoxy  molecules 


near  the  fiber  surface  was  smaller  than  that  of  the 
amine  molecules  because  of  the  larger  amine  adsorp¬ 
tion  rate  ( aA  =  1.5).  The  adsorption/desorption  pro¬ 
cesses  caused  the  deficit  of  species  in  the  bulk  state 
near  the  fiber  surface,  as  shown  in  Figure  3(c,d)  from 
t'  =  0.2  to  t'  =  25.0.  However,  the  diffusion  process 
compensated  for  the  deficit  at  the  final  time,  t '  —  102.0, 
when  the  concentration  gradients  in  the  bulk  state 
approached  zero.  The  total  concentration  profiles  of 
each  species  [Fig.  3(e,f)]  showed  minima  at  t'  =  10.0 
and  f'  =  25.0,  which  could  be  explained  by  the  cou¬ 
pled  influence  of  the  adsorption/ desorption  and  the 
diffusion  processes  as  discussed. 

The  interphase  thickness  is  a  critical  factor  influenc¬ 
ing  the  overall  composite  performance  and  properties, 
as  noted  in  the  literature.3,7  For  example,  Rydin  et  al.3 
reported  that  a  thin  ductile  interphase  increased  the 
interlaminar  toughness  through  crack  blunting,  en¬ 
hanced  frictional  sliding,  and  greater  part  deflections 
prior  to  fracture.  However,  a  further  increase  in  the 
thickness  was  shown  to  facilitate  debonding  and  de¬ 
lamination  because  the  strong  adhesion  between  fiber 
and  matrix  was  replaced  by  weak  dipole- dipole  in¬ 
teractions  between  the  interphase  and  the  matrix.  In 
another  study,  Liu  et  al.7  found  that  when  the  modu¬ 
lus  of  the  interphase  was  greater  than  that  of  the 
matrix,  an  increase  in  the  interphase  thickness  (8)  led 
to  an  increase  in  the  overall  composite  modulus. 

Interphase  thickness  may  be  defined  in  a  similar  way 
as  the  boundary  layer  thickness  in  fluid  mechanics, 
such  as  the  number  of  layers  from  the  fiber  surface 
beyond  which  the  epoxy  concentration  is  within  1%  of 
the  epoxy  concentration  in  the  far  region  layers  [Fig. 
3(e)].  A  similar  thickness,  dA,  may  be  defined  on  the 
basis  of  the  amine  concentration  profile.  With  the 
thickness  based  on  the  epoxy  concentration  profile 
denoted  as  5E,  an  overall  5  was  determined  in  this 
study  as  the  larger  of  the  two  values  obtained  from  the 
epoxy  and  amine  profiles,  that  is,  8  =  max(8E,  dA).  As 
shown  in  Figure  3(e,f),  the  interphase  was  thin  at  an 
early  time  (f'  =  0.2)  and  grew  as  the  process  pro¬ 
gressed  (F  =  102.0);  the  profiles  at  t'  =  102.0  are  the 
equilibrium  profiles  representing  the  balance  among 
the  adsorption,  desorption,  and  diffusion  processes. 
For  the  combination  of  parameters  in  Figure  3,  be¬ 
cause  of  the  absence  of-the  reaction  and  the  relatively 
small  desorption,  the  influence  of  the  fiber  surface 
propagated  all  the  way  to  the  far  region  layer,  leading 
to  a  very  thick  or  no  distinct  interphase  formation  at 
the  final  time. 

Figure  4(a-f)  presents  the  concentration  profile  evo¬ 
lution,  following  the  presentation  format  in  Figure 
3(a-f),  for  the  parameter  combination  of  pE  =  1.5,  aA 
=  0.5,  and  pA  =  2.0;  all  other  parameters  retained  the 
values  as  in  Figure  3.  Figure  4(a,b)  shows  that  the 
concentration  profiles  in  the  adsorbed  state  grew  from 
t '  =  0.2  to  t '  —  10.0  and  remained  invariant  afterward. 
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Figure  3  Interphase  concentration  profiles  in  terms  of  the  relative  number  of  (a)  epoxy  molecules  in  the  adsorbed  state,  and 
(b)  amine  molecules  in  the  adsorbed  state;  (c)  epoxy  molecules  in  the  bulk  state,  and  (d)  amine  molecules  in  the  bulk  state; 
(e)  total  epoxy  molecules  in  both  states,  and  (f)  total  amine  molecules  in  both  states,  as  a  function  of  the  molecular  layer  at 
four  different  times  during  the  isothermal  cure  process.  The  parameter  combination  corresponds  to  a  unsized  system  with 
strong  adsorption  effect  and  zero  reaction  rate. 


An  equilibrium  state  was  thus  reached,  where  the 
desorption  and  adsorption  processes  balanced  each 
other  and  the  influence  of  the  fiber  surface  only  prop¬ 
agated  to  a  few  molecular  layers.  The  concentration 
profiles  in  the  bulk  state  [Fig.  4(c,d)]  predicted  large 
concentration  gradients  at  time  t'  —  0.2;  at  t'  >  0.2, 
because  to  the  diffusion  process,  the  gradients  de¬ 


creased  and  reached  zero  at  t'  -  82.0.  At  f'  =  10.0  and 
t'  =  25.0,  the  regions  with  nonzero  gradients  in  the 
bulk  state  were  wider  than  the  corresponding  regions 
in  the  adsorbed  state.  Consequently,  the  total  concen¬ 
tration  profiles  [Fig.  4(e,f)]  showed  that  the  interphase 
thickness  first  increased  from  t'  =  0.2  to  t'  =  25.0, 
mostly  due  to  the  contributions  from  the  bulk  state. 
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Molecular  Layer 


Molecular  Layer 


Figure  4  Interphase  concentration  profiles  in  terms  of  the  relative  number  of  (a)  epoxy  molecules  in  the  adsorbed  state,  and 
(b)  amine  molecules  in  the  adsorbed  state;  (c)  epoxy  molecules  in  the  bulk  state,  and  (d)  amine  molecules  in  the  bulk  state; 
(e)  total  epoxy  molecules  in  both  states,  and  (f)  total  amine  molecules  in  both  states,  as  a  function  of  the  molecular  layer  at 
four  different  times  during  the  isothermal  cure  process.  The  parameter  combination  corresponds  to  a  unsized  system  with 
weak  adsorption  effect  and  zero  reaction  rate. 


and  then  decreased  to  a  smaller  value  governed  by  the 
adsorbed  state  gradients  at  time  t'  =  82.0,  when  the 
diffusion  gradients  were  zero.  This  scenario  is  in  con¬ 
trast  to  what  is  shown  in  Figure  3,  where  a  strong  force 
field  by  the  fiber  surface  penetrated  the  entire  resin 
domain.  Through  an  increase  in  flA  and  |3£  and  a 
decrease  in  aA,  the  desorption  process  was  strength¬ 


ened  with  respect  to  adsorption,  which  corresponded 
to  a  relatively  weak  force  field  by  the  fiber  surface  that 
could  only  penetrate  into  a  few  molecular  layers. 

The  parametric  studies  presented  so  far  pertained  to 
concentration  evolution  of  a  resin/ fiber  system  with¬ 
out  sizing  layers  on  the  fiber  surface.  The  application 
of  an  epoxy  sizing  on  the  fiber  surface  is  a  common 
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Molecular  Layer 


Figure  5  Interphase  concentration  profiles  in  terms  of  the  relative  number  of  (a)  epoxy  molecules  in  the  adsorbed  state,  and 
(b)  amine  molecules  in  the  adsorbed  state;  (c)  epoxy  molecules  in  the  bulk  state,  and  (d)  amine  molecules  in  the  bulk  state; 
(e)  total  epoxy  molecules  in  both  states,  and  (f)  total  amine  molecules  in  both  states,  as  a  function  of  the  molecular  layer  at 
four  different  times  during  the  isothermal  cure  process.  The  parameter  combination  corresponds  to  a  sized  system  with 
relative  large  reaction  rate. 


practice  in  the  manufacturing  process,  and  we  were 
interested  in  examining  its  effect  on  the  interphase 
evolution.  Figure  5  follows  the  same  presentation  for¬ 
mat  as  Figures  3  and  4  to  show  the  concentration 
profiles  evolution  of  a  system  with  sizing.  The  result 
corresponds  to  the  parameter  combination  of  Ns  =  5, 
y  ~  5.0,  j3E  =  0.5,  aA  =  1.5,  and  f3A  =  0.5,  and  all 


other  parameters  retained  the  same  values  as  previ¬ 
ously  stated  for  Figure  3.  Recall  that  the  mass  trans¬ 
fer  through  the  adsorption,  desorption,  and  diffu¬ 
sion  processes  is  dramatically  slowed  when  the  re¬ 
acting  resin  system  reaches  the  gelation  point,  and 
the  final  concentration  profiles  can  be  approximated 
by  the  profiles  at  the  gelation  point.  Because  y  de- 
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termines  the  gelation  time  and,  in  turn,  the  available 
time  for  the  mass  transfer  processes,  as  y  increases, 
the  available  time  decreases.  In  Figure  5,  y  is  set  to 
be  relatively  large,  providing  only  a  limited  time  for 
the  mass  transfer  processes  to  develop. 

The  concentration  of  epoxy  in  the  adsorbed  state 
increased  with  time,  and  the  growth  was  stopped  by 
the  reaction  at  the  gelation  time  t'  =  51.1,  as  shown  in 
Figure  5(a).  The  amine  concentration  profiles,  shown 
in  Figure  5(b),  had  maxima  near  the  fiber  surface, 
which  may  be  explained  as  follows:  because  the  epoxy 
sizing  directly  contacted  the  fiber  surface,  epoxy  mol¬ 
ecules  occupied  most  of  the  adsorption  sites  near  the 
fiber  surface,  and  most  of  the  amine  molecules  could 
only  be  adsorbed  on  top  of  the  epoxy  molecules. 
Therefore,  the  amine  concentration  was  small  at  the 
fiber  surface,  followed  by  an  increase  within  a  few 
molecular  layers  around  the  fiber  due  to  adsorption 
and  then  a  decrease  as  the  net  adsorption  diminished 
in  the  region  away  from  the  fiber.  As  shown  in  Figure 
5(c,d),  the  initially  large  concentration  of  epoxy  and 
zero  concentration  of  amine  (at  t'  =  0.2)  near  the  fiber 
surface  correspond  to  the  epoxy  sizing  layer  applied 
on  the  fiber.  At  the  gelation  time  (f'  =  51.1),  the 
concentration  gradients  in  the  bulk  were  small  but 
greater  than  zero  because  the  gelation  time  is  not  long 
enough  for  the  diffusion  process  to  reach  equilibrium. 

At  time  t'  =  10.0,  the  total  epoxy  profile  [Fig.  5(e)J 
had  two  distinct  regions:  a  large  gradient  region  near 
the  fiber  surface,  followed  by  a  small  gradient  region. 
An  examination  of  the  concentration  profiles  of  the 
epoxy  species  in  the  adsorbed  state  [Fig.  5(a)]  and  bulk 
state  [Fig.  5(c)]  separately  revealed  that  the  large  gra¬ 
dient  region  came  from  the  profile  in  the  adsorbed 
state,  whereas  the  small  gradient  region  was  deter¬ 
mined  by  the  profile  in  the  bulk  state.  These  are  shown 
in  Figure  5(e)  as  the  adsorption  region  and  the  diffu¬ 
sion  region,  respectively,  for  the  particular  time  in¬ 
stant  f '  =  10.0.  These  regions  grew  away  from  the  fiber 
with  time,  with  the  gradients  in  the  diffusion  region 
approaching  zero  because  the  tendency  of  the  diffu¬ 
sion  to  equilibrate  the  concentration,  whereas  the  gra¬ 
dient  in  the  adsorption  region  approached  an  equilib¬ 
rium  value,  corresponding  to  the  net  balance  of  the 
adsorption  and  desorption  effects.  Two  minima  of  the 
epoxy  concentration  are  shown  in  Figure  5(e),  at  t’  = 
25.0  and  t'  =  51.1,  respectively,  which  can  be  ex¬ 
plained  by  the  fact  that  epoxy  molecules  were  ad¬ 
sorbed  onto  the  fiber  surface  from  the  neighborhood, 
resulting  in  the  deficiency  of  the  epoxy  species,  which 
was  not  sufficiently  replenished  through  the  diffusion 
process.  Figure  5(f)  presents  the  amine  concentration 
evolution  with  time.  In  this  case,  the  diffusion  and 
adsorption  mass  transfer  were  in  the  same  direction, 
toward  the  fiber  surface,  as  opposed  to  that  in  Figure 
5(e),  where  the  adsorption  caused  epoxy  migration 


Figure  6  Interphase  thickness  as  a  function  of  adsorption 
Damkohler  number,  y,  at  various  epoxy  desorption  ratios, 
0E,  for  (a)  4>ea  =  6.07  and  (b)  <I>EA  =  0.007. 

toward  the  fiber,  and  diffusion  tended  to  move  the 
epoxy  molecules  away  from  the  fiber. 

An  interphase  thickness  could  be  identified  on  the 
basis  of  the  total  concentration  profiles,  as  shown  in 
Figure  3(e).  The  interphase  thickness  is  a  concise  rep¬ 
resentation  of  the  interphase  concentration  profiles. 
As  discussed  previously,  it  critically  influences  the 
composite  properties  and  constitutes  an  important  in¬ 
put  in  the  micromechanical  models.1,7  It  is,  therefore, 
instructive  to  examine  the  influence  of  each  mecha¬ 
nism  studied  in  the  model  on  the  interphase  thickness. 
Figures  6-8  illustrate  the  roles  of  the  various  mecha¬ 
nisms  involved  and  provide  insight  on  the  overall 
process.  In  Figure  6(a),  the  interphase  thickness  at  the 
gelation  time  is  plotted  as  a  function  of  y  for  different 
values  of  pE.  The  result  corresponded  to  the  parameter 
combination  of  aA  =  1.0,  fiA  =  1.0,  <bEA  =  6.07,  and  Ns 
=  5,  and  all  of  the  other  parameters  retained  their 
values  as  in  Figure  3.  In  the  parametric  studies  of  the 
epoxy-amine  system,  the  maximum  thickness  value 
was  taken  to  be  NL  =  100  layers.  For  the  case  of  no 
reaction  (i.e.,  y  =  0),  which  corresponded  to  an  infi¬ 
nitely  long  interphase  growth  time,  the  diffusion  pro¬ 
cess  was  fully  developed,  and  the  interphase  concen¬ 
tration  gradient  and  thickness  were  only  determined 
by  the  net  adsorption.  For  the  case  of  /3E  =  0.05,  the 
small  value  indicated  that  the  fiber  surface  had  a 
strong  net  adsorption,  which  may  have  penetrated  to 


THERMOSETTING  MATRIX  COMPOSITES 


3233 


Figure  7  Interphase  thickness  as  a  function  of  adsorption 
Damkohler  number,  y,  at  various  amine  adsorption  ratios, 
aA,  for  (a)  <f>EA  =  6.07  and  (b)  <j>EA  =  0.007. 


in  Figure  6(a),  all  of  the  curves  asymptotically  approach 
this  value  (beyond  the  range  of  the  plot).  Furthermore, 
for  a  fixed  y,  the  interphase  thickness  decreased  mono- 
tonically  with  increasing  0E  because  more  molecules 
were  desorbed  from  the  interphase  region. 

Figure  6(b)  has  the  same  parameter  combination  as 
Figure  6(a)  except  that  the  diffusion  ratio  was  set  to 
^ea  =  0.007  to  show  the  effect  of  sluggish  diffusion. 
The  interphase  thicknesses  predicted  in  Figure  6(b) 
reflect  the  negligible  contribution  of  the  diffusion  pro¬ 
cess  and  were  always  smaller  than  or  equal  to  the 
corresponding  values  shown  in  Figure  6(a).  Also,  for 
the  weak  net  adsorption  cases.  Figure  6(b)  did  not 
exhibit  the  peaks  shown  in  Figure  6(a),  again  due  to 
the  small  diffusion. 

Figure  7(a)  presents  the  interphase  thickness  as  a 
function  of  y  and  aA.  The  result  corresponded  to  the 
parameter  combination  pA  =  2.0,  j3£  =  1.0,  4>ea  ~  6.0 7, 
and  Ns  =  5,  with  all  the  other  parameters  retaining  the 
same  values  as  in  Figure  3.  The  diffusion  ratio  4>ea  of 
6.07  denoted  a  relatively  active  diffusion  process.  The 
parameter  aA  reflected  the  relative  attraction  strength 
of  the  fiber  surface  to  the  epoxy  and  amine  molecules, 
with  aA  >  1  denoting  a  preferential  adsorption  of  the 
amine  molecules.  Through  an  increase  in  aA,  surface 
attraction  to  amine  molecules  was  strengthened, 
which  led  to  a  thicker  interphase  rich  in  amine  con¬ 
centration.  The  influence  of  y  can  be  discussed  by 


the  entire  resin  domain  given  enough  time.  Therefore, 
when  -y=0,  the  curve  started  at  the  maximum  thick¬ 
ness — 100  layers.  As  y  increased,  less  time  was  avail¬ 
able  for  the  interphase  development,  and  the  thickness 
decreased  monotonically.  The  same  trend  was  ob¬ 
served  for  PE  =  0.50  and  1.00,  which  also  had  rela¬ 
tively  strong  net  adsorptions. 

With  the  increase  in  y  from  zero,  the  increased  reac¬ 
tion  rate  corresponded  to  less  time  available  for  the 
transport  processes  prior  to  gelation.  The  diffusion  pro¬ 
file  was,  therefore,  arrested  before  completion,  which  led 
to  a  thick  diffusion.  Because  the  adsorption /desorption 
concentration  gradients  were  confined  to  a  region  near 
the  fibers,  the  overall  interphase  thickness  was  governed 
by  the  diffusion  profile,  which  led  to  an  increased  inter¬ 
phase  thickness,  as  shown  in  Figure  6(a)  for  a  f3E  of  1.50. 
The  increase  in  the  interphase  thickness  from  y  =  0  to  a 
nonzero  value  was  primarily  due  to  the  shift  in  the 
contribution  to  the  interphase  gradient  from  that  of  ad¬ 
sorption/  desorption  only  (for  y  =  0)  to  that  of  diffusion 
(for  a  small  y  not  equal  to  zero).  With  a  further  increase 
in  the  reaction  rate  (i.e.,  an  increase  in  y),  the  progressive 
decrease  in  the  available  time  for  the  transport  processes 
led  to  a  monotonic  decrease  in  the  interphase  thickness. 
In  fact,  as  y  approaches  infinity  (the  case  of  an  infinitely 
fast  reaction),  the  interphase  composition  should  be  that 
of  the  initial  condition,  and  the  interphase  thickness 
should  be  the  sizing  thickness,  Ns.  As  shown  in  the  trend 


0  0.003  0.006  0.009  0.012  0.015 


Adsorption  Damkdhler  Number,  y 


Figure  8  Interphase  thickness  as  a  function  of  adsorption 
Damkohler  number,  y,  at  various  amine  desorption  ratios, 
PA,  for  (a)  <pEA  =  6.07  and  (b)  4>ea  =  0.007. 
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similar  considerations  to  those  for  the  /3£  effect  in 
Figure  6.  For  strong  net  adsorption  (corresponding  to 
aA  =  2.0  and  3.0),  the  thickness  decreased  monotoni- 
cally  from  the  maximum  thickness  of  100  layers  with 
the  increase  of  y,  whereas  in  the  cases  of  weak  net 
adsorption  (corresponding  to  aA  =  0.5  and  1.0),  the 
thickness  increased  first  due  to  the  contribution  of  the 
diffusion  and  then  decreased  gradually.  All  the  curves 
tended  to  the  initial  sizing  thickness  for  y  — >  At  a 
constant  value  of  y,  the  interphase  thickness  increased 
monotonically  with  the  increase  in  aA  because  of  the 
enhancement  of  the  net  adsorption. 

Figure  7(b)  represents  the  interphase  thickness  vari¬ 
ation  for  the  same  parameter  combination  as  in  Figure 
7(a)  except  for  a  4>EA  of  0.007  to  illustrate  the  effect  of 
weak  diffusion.  Similar  to  the  discussion  of  Figure 
6(b),  the  interphase  thicknesses  predicted  in  Figure 
7(b)  did  not  have  a  significant  contribution  of  the 
diffusion  process  and  were  always  smaller  than  or 
equal  to  the  corresponding  values  shown  in  Figure 
7(a).  Again,  for  the  weak  net  adsorption  cases.  Figure 
7(b)  does  not  exhibit  the  peaks  shown  in  Figure  7(a) 
due  to  the  lack  of  diffusion. 

In  Figure  8(a,b),  the  interphase  thickness  is  presented 
as  a  function  of  y  and  fiA.  The  result  corresponded  to  the 
parameter  combination  of  aA  =  1.0,  pE  -  1.0,  4>ea  =  6.07, 
and  Ns  =  5,  with  all  the  other  parameters  retaining  the 
same  values  as  in  Figure  3.  From  eqs.  (2)  and  (8),  it 
follows  that  pA  had  the  same  parametric  effect  as  /3E,  in 
that  large  values  of  pA  and  j3£  corresponded  to  weak  net 
adsorption  effects.  Because  the  trends  in  Figure  8  were 
similar  to  those  in  Figure  6,  the  reader  may  examine  to 
the  corresponding  discussion  earlier.  Although  Figures  6 
and  8  give  similar  thickness  variations  with  correspond¬ 
ing  desorption  rates,  the  interphase  compositions  in  the 
two  cases  were  different;  that  is,  a  large  fiE  value  corre¬ 
sponded  to  an  epoxy-deficient  interphase,  whereas  a 
large  pA  value  corresponded  to  an  amine-deficient  inter¬ 
phase.  These  two  types  of  interphase  would,  therefore, 
lead  to  completely  different  properties  of  the  overall 
composite. 

The  predicted  interphase  composition  and  thickness 
are  important  input  data  to  the  models  that  calculate 
the  overall  composite  material  properties.  A  signifi¬ 
cant  step  in  a  future  work  will  be  to  determine  the 
parameters  involved  in  the  kinetics  model.  Within  the 
framework  of  the  current  model,  the  parameters  may 
be  evaluated  by  following  the  procedure  outlined  in 
the  correlation  study.  In  this  case,  the  EELS  measure¬ 
ments  must  be  conducted  systematically  on  the  de¬ 
sired  materials  and  temperatures  to  provide  the  con¬ 
centration  data  in  the  interphase  region.  The  current 
model  is  based  on  phenomenological  descriptions  of 
the  kinetics  of  the  governing  transport  processes  with¬ 
out  resorting  to  the  calculations  of  the  driving  forces. 
Alternatively,  the  development  of  the  thermodynamic 
or  statistical  models  mentioned  previously1'10  in¬ 


volved  detailed  consideration  of  the  driving  forces 
(e.g.,  the  enthalpy  forces  or  entropy  forces)  and  the 
complex  motion  and  configuration  of  polymer  mole¬ 
cules  under  these  forces.  The  thermodynamic  and  ki¬ 
netics  approaches  are  equivalent  if  a  relationship  be¬ 
tween  the  driving  forces  and  the  kinetics  parameters 
can  be  established. 

In  this  study,  the  temperature  was  taken  as  a  given 
constant,  whereas  the  real  temperature  field  during  a 
cure  process  needs  to  be  solved  by  coupling  to  die 
energy  equation  for  the  whole  composite  domain.  The 
cure  cycles  in  the  manufacturing  processes  act  as 
boundary  conditions  for  the  energy  equation  to  influ¬ 
ence  the  temperature  field,  which  in  turn,  controls  the 
adsorption-  desorption-  diffusion-reaction  processes 
and  interphase  formation.  Therefore,  through  optimi¬ 
zation  of  the  cure  cycle,  the  interphase  can  be  tailored 
for  a  specific  material  system's  requirements.  These 
issues  are  presently  under  investigation  to  enhance 
the  capabilities  of  the  current  model. 


CONCLUSIONS 

An  adsorption- desorption- diffusion-reaction  model 
was  developed  to  predict  the  evolution  of  the  interphase 
during  isothermal  cure  of  thermosetting  resin  systems. 
The  parameters  of  the  model  were  determined  through  a 
correlation  to  available  experimental  data  on  a  DGEBA/ 
PACM20  system.  Parametric  studies  revealed  that  the 
concentration  profiles  showed  minima  or  maxima  in¬ 
stead  of  following  simple  monotonical  patterns.  In  the 
case  of  strong  net  adsorption,  as  indicated  by  large  val¬ 
ues  of  adsorption  rates  and  small  values  of  desorption 
rates,  the  interphase  thickness  decreased  monotonically 
with  increasing  reaction  rate.  Weak  net  adsorption  re¬ 
sulted  in  peaks  in  the  interphase  thickness  curves  with 
respect  to  the  reaction  rate,  due  to  the  influence  of  the 
diffusion.  A  notable  contribution  of  this  study  was  the 
ability  to  predict  the  time  evolution  of  the  interphase. 
The  predicted  interphase  composition  and  thickness 
may  be  used  as  input  data  for  the  finite  element  analysis 
of  the  overall  composition  properties,  eliminating  the 
need  to  assume  input  data  values.  The  model  may  be 
combined  with  a  macroscopic  thermochemical  model  to 
establish  the  influence  of  the  cure  cycle  on  the  interphase 
formation.  This,  in  turn,  will  lead  to  the  capability  to 
tailor  the  interphase  via  optimal  cure  cycle  selection. 

NOMENCLATURE 

bD  empirical  constant  in  the  diffusion  co¬ 

efficient  expression  in  eq.  (13) 

D0  constant  in  the  diffusion  coefficient  ex¬ 

pression  in  eq.  (13)  (m2/s) 

Dea  mutual  diffusion  coefficient  in  the  bi¬ 

nary  epoxy-amine  structure  (m2/ s) 
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Ea 

activation  energy  in  the  reaction  rate 
expression  in  eq.  (15)  0/kg) 

Ne,  o 

Ea,A 

adsorption  activation  energy  of  amine 
molecules  (J/kg) 

nea 

Fa.Z 

adsorption  activation  energy  of  epoxy 
molecules  Q/kg) 

ne,- 

Ed 

activation  energy  in  the  diffusion  co¬ 

Ne,,- 

efficient  expression  in  eq.  (13)  (J/kg) 

N£co,,- 

E d,A 

desorption  activation  energy  of  amine 

ne» 

molecules  (J/kg) 

E d,E 

desorption  activation  energy  of  epoxy 

N'e,  tot 

molecules  0/kg) 

NL 

EJEm 

constant  in  the  DiBenedetto  expres- 

sion  in  eq.  (14) 

fg  constant  in  the  diffusion  coefficient  ex¬ 

pression  in  eq.  (13) 

Fx/Fm  constant  in  the  DiBenedetto  expres¬ 

sion  in  eq.  (14) 

kttA  adsorption  rate  of  amine  molecules 

(s'1) 

kaE  adsorption  rate  of  epoxy  molecules 

(s'1) 

kdA  desorption  rate  of  amine  molecules 

(s'1) 

kdE  desorption  rate  of  epoxy  molecules 

(s'1) 

kr  reaction  rate  (s  l) 

kfQ  Arrhenius  preexponential  constant  in 

the  reaction  rate  expression  in  eq. 
(15)  (s"1) 

M  molecular  weight  (kg/kmol) 

Ma  molecular  weight  of  PACM20  (kg/ 


N, 


P,i 


N'Pd 


N, 


P<x>,i 


Ns 

R 

KaH  ~  1, 0 


KA1'  0 


me 

«2 


K 

N0 

N6 

N, 

N„,,- 

Na,  o 

NAd 


N'Ad 

NA<xij 

n;„ 

N'a, tot 


kmol) 

molecular  weight  of  DGEBA  (kg/ 
kmol) 

number  of  moles  of  epoxy  molecules 
(mol) 

number  of  moles  of  amine  molecules 
(mol) 

Avogadro's  number 
number  of  adsorption  sites  available 
for  adsorption  on  the  fiber  surface 
dimensionless  variable  (N0/N£0) 
total  number  of  adsorbed  resin  mole¬ 
cules  in  the  ith  layer 
total  number  of  resin  molecules  in  the 
bulk  state  in  the  ith  layer 
initial  number  of  amine  molecules  at 
the  far  region  layers 
number  of  adsorbed  amine  molecules 
in  the  ith  layer 

dimensionless  variable  {NA  i/NE  0) 
number  of  amine  molecules  in  the 
bulk  state  in  ith  layer 
dimensionless  variable  (NA„/NE0) 
total  concentration  of  amine 


KA'  +  l  0 


FaA{  ~  1/  0 


FdAi>  0 


RdA>  + 0 

RaA  ~  i.  0 


RaA'  0 


RaAi  +  !'  0 


initial  number  of  epoxy  molecules  at 
the  far  region  layers 
initial  number  of  epoxy  molecules  in 
the  sizing  layer 

number  of  adsorbed  epoxy  molecules 
in  the  ith  layer 

dimensionless  variable  (NE,,/N£0) 
number  of  epoxy  molecules  in  the 
bulk  state  in  the  ith  layer 
dimensionless  variable  (NE_«/NE>0) 
total  concentration  of  epoxy 
the  number  of  the  far  region  layer 
where  all  of  the  resin  molecules  are 
at  the  bulk  state  and  where  the  com¬ 
position  becomes  constant  beyond 
this  layer 

number  of  product  segments  in  the  ith 
layer  due  to  the  reaction  in  the  ad¬ 
sorbed  state 

dimensionless  variable  (NP  ,/NE  0) 
number  of  product  segments  in  the  ith 
layer  due  to  the  reaction  in  the  bulk 
state 

dimensionless  variable  (NP  a>/NE  0) 
number  of  sizing  layers 
Universal  gas  constant  (J/kg  k) 
rate  term  of  the  adsorption  of  amine 
molecules  from  the  (i  -  l)th  bulk 
layer  to  the  ith  adsorption  layer 

(s'1) 

rate  term  of  the  adsorption  of  amine 
molecules  from  the  ith  bulk  layer  to 
the  ith  adsorption  layer  (s_1) 
rate  term  of  the  adsorption  of  amine 
molecules  from  the  (i  +  l)th  bulk 
layer  to  the  ith  adsorption  layer 

(s'1) 

rate  term  of  the  desorption  of  amine 
molecules  from  the  ith  adsorption 
layer  to  the  (i  —  l)th  bulk  layer  (s-1) 
rate  term  of  the  desorption  of  amine 
molecules  from  the  ith  adsorption 
layer  to  the  ith  bulk  layer  (s_1) 
rate  term  of  the  desorption  of  amine 
molecules  from  the  ith  adsorption 
layer  to  the  (i  +  l)th  bulk  layer  (s_1) 
rate  term  of  the  adsorption  of  epoxy 
molecules  from  the  (i  —  l)th  bulk 
layer  to  the  ith  adsorption  layer 

(s'1) 

rate  term  of  the  adsorption  of  epoxy 
molecules  from  the  ith  bulk  layer  to 
the  ith  adsorption  layer  (s_1) 
rate  term  of  the  adsorption  of  epoxy 
molecules  from  the  (i  +  l)th  bulk 
layer  to  the  ith  adsorption  layer 

(s'1) 
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RdE(i  -  1,  t)  rate  term  of  the  desorption  of  epoxy 
molecules  from  the  ith  adsorption 
layer  to  the  (i  —  l)th  bulk  layer  (s_1) 
Rd  E(i,  t)  rate  term  of  the  desorption  of  epoxy 

molecules  from  the  ith  adsorption 
layer  to  the  ith  bulk  layer  (s'1) 
RdE(i  +  1,  0  rate  term  of  the  desorption  of  epoxy 
molecules  from  the  ith  adsorption 
layer  to  the  (i  +  l)th  bulk  layer  (s_1) 
A  total  adsorption  rate  of  amine  species 

into  the  ith  adsorption  layer  from  the 
neighboring  bulk  layers  [eq.  (8)] 
(s'1) 

fftaE  total  adsorption  rate  of  epoxy  species 

into  the  i*  adsorption  layer  from  the 
neighboring  bulk  layers  [eq.  (2)] 
(s"1) 

9idA  total  desorption  rate  of  amine  species 

into  the  i*  adsorption  layer  from  the 
neighboring  bulk  layers  [eq.  (8)] 
(s"1) 

3Hd  E  total  desorption  rate  of  epoxy  species 

into  the  i*  adsorption  layer  from  the 
neighboring  bulk  layers  [eq.  (2)] 

3tr  A  depletion  rate  of  amine  species  due  to 

the  crosslinking  chemical  reaction 
[eq.  (8)]  (s-1) 

9tr  E  depletion  rate  of  amine  species  due  to 

the  crosslinking  chemical  reaction 

[eq-  (2)]  (s'1) 

T  temperature  (K) 

T0  isothermal  processing  temperature 

considered  in  the  parametric  studies 
(K) 

Tg  glass-transition  temperature  (K) 

7°  constant  in  the  DiBenedetto  expres¬ 

sion  in  eq.  (14)  (K) 
f  time  (s) 

f'  dimensionless  time  in  the  parametric 

study 

v  volume 

vm  molecular  volume 

XA  molar  fraction  of  PACM20 

Greek  symbols 

aA  (kaA/ka,E)e~{E‘'‘-E‘*/RT°) ,  the  ratio  of 

the  adsorption  rates  of  amine  and 
epoxy  molecules 

ay  constant  in  the  diffusion  coefficient  ex¬ 

pression  in  eq.  (13)  (K-1) 

PA  {kd  A/ka,E)e~iEj*~E"£/RTo\  the  ratio  of 

the  desorption  rate  of  amine  mole¬ 
cules  to  the  adsorption  rate  of  epoxy 
molecules 


PE  (fcd,E/fcfl,E)e~tE«_E‘-E/R7°),  the  ratio  of  the 

desorption  rate  of  epoxy  molecules 
to  the  adsorption  rate  of  epoxy  mol¬ 
ecules 

S  interphase  thickness  in  terms  of  mo¬ 

lecular  layers 

50  coordination  sphere  reaction  parame¬ 

ter  in  the  reaction  rate  expression  in 
eq.  (15)  (cm2/s) 

SA  interphase  thickness  based  on  the 

amine  concentration  profile 
8e  interphase  thickness  based  on  the  ep¬ 

oxy  concentration  profile 

A L  physical  size  of  a  molecular  layer  (m) 

4>ea  (DeA/ hL2ka  E)e{E"j/RTo\  the  ratio  of  the 

mutual  diffusion  rate  to  the  adsorp¬ 
tion  rate  of  epoxy  molecules 
<t>A  volume  fraction  of  PACM20 

y  (kr/ka  E)efE"-E/RT°\  adsorption  Damkohler 

number,  or  the  ratio  of  the  chemical 
reaction  rate  to  the  adsorption  rate 
of  epoxy  molecules 
p  density  (kg/m3) 

pA  density  of  PACM20  (kg/m3) 

pE  density  of  DGEBA  (kg/m3) 

e  reaction  extent,  NE/NE  0 
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Abstract 

Experimental  and  theoretical  studies  in  the  literature  have  shown  that  a  fiber  surface  perturbs  its  surrounding  polymer  to  create  a 
three-dimensional  interphase  zone  with  property  gradients.  Micromechanical  stress  analysis  and  evaluation  of  the  elfective  prop¬ 
erties  of  composites  need  the  interphase  material  properties  as  input  information.  Since  relatively  scant  information  is  available  on 
the  prediction  of  interphase  formation  as  function  of  processing  conditions,  current  micromechanical  analyses  have  resorted  to  using 
assumed  interphase  property  profiles.  In  this  paper,  a  thermodynamic  model  for  interphase  formation  is  adopted  to  predict  the 
interphase  material  properties,  which,  in  turn,  are  used  in  the  finite  element  analysis  of  overall  composite  properties.  Relevant 
numerical  results  are  presented  for  the  first  time  where  two  major  composite  properties,  modulus  and  stress  concentration  factor,  are 
directly  linked  to  the  interphase  formation  parameters  without  assumed  structures  or  properties  of  the  interphase.  The  results 
provide  guidelines  for  selecting  material  components  and  processing  parameters  to  achieve  desired  overall  composite  properties. 
©  2004  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Fabrication  of  thermosetting-matrix  composites  is 
based  on  a  critical  step  of  cure,  which  involves  applying 
predefined  temperature  cycle  to  a  fiber-resin  matrix 
mixture.  The  elevated  temperatures  initiate  an  irrevers¬ 
ible  crosslinking  chemical  reaction  among  the  species  in 
the  matrix.  The  presence  of  fibers  has  been  found  to 
significantly  influence  the  cure  reaction,  resulting  in  the 
formation  of  a  third  phase  known  as  the  interphase 
which  possesses  property  gradient  distinct  from  those  of 
the  bulk  fiber  and  the  matrix.  The  interphase  resides  in  a 
region  between  the  original  constituents  of  the  composite 
with  a  size  of  a  few  to  a  few  thousand  nanometers  [1-4]. 
Although  the  region  has  a  sub-microscopic  scale,  it  di¬ 
rectly  influences  the  ability  of  the  matrix  to  transfer  load 
to  the  reinforcing  fiber.  The  structure  and  properties  of 
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the  interphase  are  therefore  dominant  factors  governing 
the  overall  composite  properties  and  performance. 

Several  physical  and  chemical  mechanisms  contribute 
simultaneously  to  the  interphase  formation  and  very  few 
of  them  have  been  described  rigorously  in  mathematical 
models.  Garton  et  al.  [5]  showed  that  the  carbon  sur¬ 
faces  influence  the  cross-linking  reaction  in  an  anhy¬ 
dride-epoxy  system  by  adsorbing  the  tertiary  amine 
catalyst  and  forming  amine  rich  interphase  regions  near 
the  carbon  surfaces.  Similarly,  Sellitti  et  al.  [6]  used 
Fourier  transform  IR  attenuated  total  reflection  spec¬ 
troscopy  to  characterize  the  interphase  phenomena  in  an 
epoxy-anhydride-catalyst  system,  and  showed  that  the 
surface  species  introduced  on  graphitized  carbon  fibers 
can  promote  or  inhibit  the  cross-linking  process  by  the 
preferential  adsorption  of  the  catalyst.  Other  possible 
interphase  mechanisms  are  proposed  by  Drzal  [4], 

The  effects  of  interphase  property  gradients  on  the 
overall  composite  properties  are  extensively  investigated 
in  the  literature  [7-15],  However,  the  studies  are 
commonly  based  on  assumed  or  empirical  interphase 
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Nomenclature 


c  characteristic  constant  for  the  polymer  in 
Eq.  (6) 

Cij  component  of  the  stiffness  matrix  of  the 
equivalent 
material  (GPa) 

component  of  the  stiffness  matrix  of  the  RVE 
(GPa) 

E  Young’s  modulus  (GPa) 

k  Boltzmann  constant  (J/K) 

Ks  stress  concentration  factor 

/  bond  length  (m) 

1°  lattice  layer  thickness  (m) 

Ni_  number  of  lattice  layers  in  a  sub-lattice 
p  adhesion  factor 

pph  weight  percentage  of  PACM20  to  DGEBA  in 
a  resin  mixture 

q  single  chain  partition  function 

r  radius  from  the  center  of  a  fiber  (m) 

T  temperature  (K) 

U  strain  energy  of  the  RVE  (J) 

U *“•  strain  energy  of  the  equivalent  material  (J) 

u  horizontal  displacement  (m) 

V  volume  of  the  RVE  (m3) 

F“>  volume  of  the  equivalent  material  (m3) 


v  volume  fraction;  or  vertical  displacement  (m) 
x  chain  length  in  terms  of  number  of  monomer 
segments 

X  variable  used  in  Eq.  (8),  equal  to  pph  -  1/pph 

z  number  of  lattice  layer 

Greek  symbols 
a.  constant  in  Eq.  (2) 

X  chain/chain  interaction  parameter 

S2  boundary  displacement  in  x-direction  (m) 

<53  boundary  displacement  in  ^-direction  (m) 

e  microstrain  of  the  RVE 

0  macrostrain  of  the  equivalent  material 

k  scaling  factor  in  Eq.  (3) 

v  Poisson’s  ratio 

p  density  (kg/m3) 

co  surface  potential  (J) 

Subscripts 

A  Amine  or  PACM20 

E  Epoxy  or  DGEBA 

f  fiber 

i  interphase 

m  matrix 


property  variation.  Tsai  et  al.  [7]  used  an  axisymmetric 
finite  element  model  to  study  the  interface  stress,  dis¬ 
placement,  and  fracture  toughness.  An  elastic  shear  lag 
analysis  was  developed  and  correlated  with  the  micro¬ 
debonding  test  data  to  determine  the  thickness  and  ma¬ 
terial  properties  of  the  interphase.  Boundary  element 
method  was  adopted  by  Liu  et  al.  [8]  to  predict  transverse 
moduli  of  fibrous  composites.  Tsui  et  al.  [9]  studied  the 
effects  of  different  interphase  properties  on  Young’s 
modulus,  maximum  stress  concentration  factor,  and 
stress  distribution  in  particle-filled  polymer  composites. 
Transverse  Young’s  storage/loss  moduli  and  physical 
aging  of  a  viscoelastic  composite  with  fiber  reinforcement 
were  investigated  by  Fisher  and  Brinson  [10],  All  the 
studies  in  [8-10]  assumed  interphase  thickness  and 
modulus. 

Some  empirical  relations  have  also  been  proposed  for 
the  interphase  property  gradients.  By  assuming  that  the 
rate  of  change  of  a  property  is  proportional  to  the  value 
of  the  property,  the  interphase  modulus  variation  with 
radius,  E\{r ),  was  given  as  [11,12]: 


E-M)=Em 


1  +  {pE,!Em  -  1) 


1  —  re1  r/'''  /  r; 

1  —  rre1_rf/ri  jr\  ’ 


(1) 


where  E\  is  the  interphase  modulus,  r  is  the  radius,  the 
subscripts  i,  m,  and  f  refer  to  interphase,  matrix,  and 
fiber,  respectively,  and  rf  is  the  radius  of  the  fiber. 


The  parameter  p  is  called  an  adhesion  factor,  which  is 
the  ratio  between  the  interphase  modulus  at  r  =  rr  and 
the  fiber  modulus 
P  =  Ei{r[)/Er. 

Similar  expressions  were  applied  to  other  properties, 
such  as  the  Poisson’s  ratio.  Thermal  stresses  due  to  the 
interphase  property  gradients  are  predicted  by  Sottos 
et  al.  [13],  where  the  elastic  constants  are  assumed  to 
vary  linearly  within  the  interphase.  A  power-law  relation 
was  used  by  Wacker  et  al.  [14]  to  calculate  transverse 
Young’s  modulus  of  composites 


Ei{r)  -  (or E{  -  Em) 


+  Emi 


(2) 


where  0^a<l,  and  n  =  2,3,...  A  review  on  the 
empirical  interphase  models  and  their  features  was  given 
by  Jayaraman  et  al.  [15]. 

Due  to  complexities  of  the  molecular  level  mecha¬ 
nisms  that  occur  in  the  vicinity  of  the  fibers  during  the 
process,  prediction  of  the  interphase  evolution  as  func¬ 
tion  of  processing  parameters  from  first  principles  has 
been  the  subject  of  little  attention.  To  the  authors’ 
knowledge,  the  first  work  on  modeling  interphase  for¬ 
mation  in  thermosetting  materials  was  presented  by 
Palmese  [1],  The  model  predicted  the  interphase  com¬ 
position  profile  under  thermodynamic  equilibrium  con- 
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ditions  of  a  non-reacting  epoxy-amine  resin  system.  The 
principle  of  minimum  free  energy  was  invoked  to  set  up 
the  equilibrium  state,  accounting  for  enthalpy  interac¬ 
tion  between  fiber  surface  and  resin  components,  and 
the  calculation  of  Gibbs  free  energy  was  based  on  a 
Flory-Huggins  type  lattice  structure.  Hrivnak  [16]  ex¬ 
tended  Palmese’s  model  to  a  reacting  system  by  using 
renewal  theory  models  to  construct  the  assembly  Gibbs 
free  energy  and  the  associated  chemical  potential.  In  an 
alternative  approach,  a  kinetics-based  description  of  the 
governing  phenomena  was  developed  by  the  authors  to 
predict  the  interphase  development  during  thermoset¬ 
ting  composite  processing  [17,18].  In  this  method,  mass 
conservation  principle  was  employed  to  describe  the 
transport  processes  of  multilayer  adsorption,  desorption 
and  diffusion  near  a  fiber  surface,  which  are  accompa¬ 
nied  by  simultaneous  cure  reaction  between  the  resin 
components.  The  time  evolution  of  interphase  concen¬ 
tration  profile  gradients  before  the  gelation  of  the  ther¬ 
mosetting  system  was  predicted  as  function  of  material 
and  process  parameters. 

The  goal  of  this  work  is  to  use  an  existing  interphase 
concentration  evolution  model  to  predict  the  interphase 
composition  profiles,  which  are  subsequently  mapped 
to  modulus  profiles  using  an  experimental  correlation 
between  compositions  and  moduli.  To  this  end,  the 
model  of  Hrivnak  [16]  is  used  for  the  interphase  com¬ 
position  prediction,  while  the  kinetics-based  description 
[17,18]  will  be  explored  in  a  future  work.  The  modulus 
profiles  mapped  from  the  interphase  concentration 
gradients  are  used  in  finite  element  analyses  to  calculate 
the  modulus  and  stress  concentration  factor  of  fiber 
reinforced  epoxy/amine  composites.  A  systematic  study 
is  conducted  to  show  the  effects  of  different  processing 
and  geometry  related  parameters  on  the  overall  com¬ 
posite  properties. 


2.  Modeling 

2.1.  Interphase  formation  model 

To  eliminate  the  need  for  assumed  interphase  prop¬ 
erties  in  micromechanical  analyses,  the  interphase  for¬ 
mation  model  by  Hrivnak  [16]  is  adopted  to  describe  the 
concentration  profiles  in  the  interphase  region.  The 
model  examines  the  chain/surface  and  chain/chain  in¬ 
teractions  of  an  epoxy/amine  binary  thermosetting-resin 
mixture  in  the  vicinity  of  a  fiber  surface.  The  interaction 
of  a  single  polymer  chain  with  a  surface  is  described  by 
an  analytical  molecular  partition  function,  which  is  in¬ 
corporated  into  a  sub-lattice  model  to  derive  the  Gibbs 
free  energy  of  the  chain  assembly.  By  minimizing  the 
assembly  Gibbs  free  energy,  the  volume  fraction  of  the 
amine  species  at  the  (z)th  lattice  layer,  vA(z),  is  obtained 
as  follows. 


vA(z)  =  KVA(oo)q(xA,z)exp[SA(z)]exp  [x(4(°°)  _t4(2))] 

' - - - - - v. - ' 

chain/surface  interaction  chain/chain  interaction 


x  exp 


Va  (z)-Da(oo) 


Nl 


(1  -xA/xE) 


excess  mixing 


(3) 


where 


q{xA,z)  =  1  -  v/2/tcxa(1  -  et°A/*r)  erfc(z/<rA),  (4) 


Similar  expressions  for  the  epoxy  species  may  be  ob¬ 
tained  by  switching  the  subscripts  A  (amine)  and  E 
(epoxy)  in  the  above  equations. 

The  parameter  k  is  introduced  as  a  normalization 
constant  to  ensure  that  volume  fractions  vA(z )  and  vE(z) 
sum  up  to  unity,  and  t>A(oo)  is  the  volume  fraction  of 
amine  in  the  far  region.  Eqs.  (4)  and  (5)  and  similar 
equations  for  the  epoxy  species  show  that  chain/surface 
interaction  depends  on  the  surface  potentials,  coA  and  coE, 
chain  lengths,  xA  andxg,  number  of  the  lattice  layer  from 
the  surface,  z,  Boltzmann  constant,  k,  and  the  tempera¬ 
ture,  T.  Positive,  negative,  and  zero  values  of  coA  (and  coE) 
correspond  to  attractive,  repulsive,  and  neutral  surfaces 
to  the  amine  (and  epoxy)  species,  respectively.  The  second 
exponential  term  in  Eq.  (3)  accounts  for  the  chain/chain 
interaction  between  the  two  species  in  the  binary  resin 
mixture,  where  x  is  the  interaction  parameter.  For  y  >  0, 
the  two  species  are  repulsive  to  each  other.  If  the  surface 
prefers  to  adsorb  amine,  a  positive  chain/chain  interac¬ 
tion  pushes  the  epoxy  molecules  further  away  from  the 
surface,  leading  to  enhanced  preferential  adsorption  of 
amine.  The  last  exponential  term  in  Eq.  (3)  represents  the 
effect  of  excess  mixing  caused  by  different  chain  lengths 
{xA  and  xe)  of  the  two  species.  The  quantity  NE  is  the 
number  of  lattice  layers,  each  of  thickness  /°,  contained 
within  a  sub-lattice,  and  may  be  treated  as  a  weighting 
factor  of  the  excess  mixing.  Note  that  large  values  of  NE 
reduce  the  effect  of  excess  mixing.  The  parameters  c  and  / 
in  Eq.  (6)  are  the  characteristic  constant  and  the  C-C 
bond  length  of  the  polymer  chain,  respectively. 

Fig.  1  presents  two  sample  concentration  profiles 
predicted  by  the  above  model.  The  thermosetting  mix¬ 
ture  consists  of  an  aliphatic  bis(p-aminocyclohexyl) 
methane  (PACM20)  curing  agent  and  an  aromatic  di- 
glycidyl  ether  of  bisphenol-A  (DGEBA)  epoxy  resin.  In 
the  following  discussion,  the  subscripts  A  and  E  denote 
the  resin  components  PACM20  and  DGEBA,  respec¬ 
tively.  Note  that  the  volume  fraction  of  PACM20  is  con¬ 
verted  to  a  parts  per  hundred  (i.e.,  pph)  concentration, 
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concentration  at  the  surface  is  almost  doubled  as  com¬ 
pared  to  the  bulk  value  for  the  case  of  xe  =  xa  =  10- 
However,  the  magnitudes  of  the  surface  concentration 
increases  are  not  as  significant  as  those  in  Fig.  1(a).  It  is 
also  observed  that  the  region  perturbed  by  the  surface 
becomes  smaller  as  the  chain  length  decreases. 

The  discussion  on  the  interphase  formation  model  in 
this  subsection  only  provides  the  necessary  information 
for  the  development  of  the  micromechanical  analysis  in 
this  paper,  and  the  readers  are  referred  to  Hrivnak  [16] 
for  other  details. 

2.2.  Interphase  modulus  profiles 


Fig.  1.  Interphase  concentration  profiles  predicted  from  the  model  by 
Hrivnak  [16]  for  different:  (a)  surface  potentials,  and  (b)  chain  lengths. 
The  default  values  of  the  parameters  are:  <uE  =  —0.28*7’,  y  =  1.0, 
Nl  =  2.5:  (a)  xE  =  xA  =  150,  (b)  <oA  =  0.43*7. 


defined  as  the  weight  percentage  of  PACM20  to 
DGEBA  in  the  mixture. 


pph  =100 


Pa»a 

Pe{  1  ~»a)’ 


(7) 


where  vA  is  the  volume  fraction  of  PACM20,  and  pA  and 
pE  are  density  of  PACM20  and  DGEBA,  respectively. 

Fig.  1(a)  shows  the  distribution  of  pph  PACM20  from 
the  fiber  surface  (Layer  0)  to  the  far  region  (Layer  100) 
for  different  amine  surface  potentials  eoA.  The  results 
correspond  to  the  parameter  combination  of 
cue  =  —0.28 kT,  xe  =  xa  =  1 50,  x  =  1 .0,  Ne  =  2.5,  as  de¬ 
termined  by  Hrivnak  [16]  for  the  DGEBA/PACM20 
system.  For  a  neutral  surface,  the  pph  PACM20  values 
near  the  fiber  surface  are  close  to  the  bulk  value  of  28.  The 
surface  concentrations  increase  as  the  surface  becomes 
more  attractive  to  PACM20,  and  sharp  increases  are 
observed  for  cua  >  1 .6 kT.  As  the  distance  increases,  the 
pph  PACM20  decreases  asymptotically  to  the  bulk  value 
(28)  for  all  the  values  of  cua  -  Fig.  1  (b)  presents  the  effect  of 
chain  lengths,  xa  and  xe,  following  the  presentation 
format  of  Fig.  1(a),  for  cua  =  0.43AT;  all  other  parame¬ 
ters  retain  their  values  as  in  Fig.  1(a).  Fig.  1(b)  shows  that 
the  surface  may  easily  adsorb  shorter  chains,  and  the  pph 


Since  matrix  modulus  is  determined  by  the  resin 
component  compositions,  the  concentration  profiles 
such  as  those  in  Fig.  1  may  be  mapped  to  corresponding 
interphase  modulus  profiles.  Fig.  2  presents  experimen¬ 
tal  data  on  matrix  modulus  as  a  function  of  the 
parameter  X  =  pph  -  1/pph  for  the  DGEBA/PACM20 
system  at  30  °C  as  reported  by  VanLandingham  et  al. 
[19].  Two  peaks  in  the  modulus  variation  are  observed: 
one  around  1 8  pph  PACM20  with  a  value  of  3.2  GPa, 
and  the  other  between  48  and  56  pph  PACM20  having  a 
value  of  2.4  GPa.  Similar  twin  peak  profiles  were  re¬ 
ported  in  [19]  for  a  variety  of  other  epoxy-amine  sys¬ 
tems  and  was  explained  in  terms  of  the  relationship  of 
the  matrix  modulus  to  an  effective  chain  aspect  ratio, 
defined  as  the  ratio  of  the  length  to  the  effective  diameter 
of  the  polymer  chains,  and  the  volume  fraction  of  the 
microgel  structures  in  the  cured  matrix.  Larger  values  of 
the  effective  aspect  ratio  and  the  microgel  volume  frac¬ 
tion  result  in  higher  matrix  modulus.  At  the  stoichi¬ 
ometric  point  of  the  thermosetting  system,  the  effective 
aspect  ratio  and  the  microgel  volume  fraction  were 
argued  to  exhibit  minimum  and  maximum,  respectively. 
Consequently,  the  modulus  is  not  monotonic  with  re¬ 
spect  to  the  pph  values  near  the  stoichiometric  ratio. 
The  interested  reader  is  referred  to  [19]  for  more  details. 
For  concentrations  between  18  and  56  pph,  the  value  of 


Fig.  2.  The  Young’s  modulus  (measured  at  7  =  30°)  as  a  function  of 
stoichiometry  for  the  DGEBA/PACM20  system. 
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modulus  varies  about  60%.  The  modulus  drops  sharply 
on  both  ends  of  the  concentration  axis  due  to  the  fact 
that  the  matrix  is  in  extreme  deficit  of  either  resin 
component  and  cannot  be  cured  sufficiently.  Based  on 
these  observations,  a  twin  peak  function  is  derived  in  the 
present  analysis  to  fit  the  data  as  follows: 

E  = - - - 

(X-  19.57)2/214.42  +  0.42 

+ - - .  (8) 

(X  -  50.59)7803.09  +.0.47 

Eq.  (8),  which  has  an  asymptotic  value  of  0  as  pph  ap¬ 
proaches  0  and  infinity,  is  used  in  this  study  to  map  the 
concentration  profiles,  vA  (z)  or  rE(z),  to  modulus  pro¬ 
file,  E(r).  Note  that  the  radial  distance  from  a  fiber 
center,  r,  may  be  obtained  from  the  fiber  radius,  r(,  and 
the  lattice  layer,  z,  as  r  =  r,  +  z/°. 

Since  the  interphase  region  is  typically  thin  (around 
10-500  nm),  most  micromechanical  models  consider 
only  a  single  uniform  interphase  layer  with  thickness  <5* 
and  effective  modulus  E,  [7-15],  An  “interphase  thick¬ 
ness”  may  be  defined  in  a  similar  way  as  the  boundary 
layer  thickness  in  fluid  mechanics,  such  that  the 
PACM20  concentration  is  within  1%  of  the  PACM20 
concentration  in  the  far  region  layers  [17,18].  From  the 


species  concentration  profiles,  vA  (z)  or  ve  (z),  the  inter¬ 
phase  thickness  may  be  determined  as  Si  =  A z/°,  where 
Az  is  the  number  of  lattice  layers  within  the  interphase 
region.  The  modulus  profile,  E(r),  may  be  used  to  de¬ 
termine  the  effective  interphase  modulus  by  considering 
a  series  connection  of  infinite  springs  as  follows  [14]. 


Jr,  E[r) 

Fig.  3(a)  shows  the  interphase  thickness,  <5j,  and  the 
effective  interphase  modulus,  E„  as  functions  of  the  sur¬ 
face  potential,  <wA.  The  results  correspond  to  the  same 
parameter  combination  as  in  Fig.  1(a).  As  the  surface 
potential,  cuA,  increases  up  to  around  \.2kT,  the  maxi¬ 
mum  pph  PACM20  value  in  the  interphase  region  chan¬ 
ges  from  28  to  about  64.  The  corresponding  interphase 
modulus  profiles  have  relatively  small  variations  from  1.6 
to  2.3  GPa.  Consequently,  the  effective  interphase  mod¬ 
ulus  evaluated  from  Eq.  (9)  has  negligible  changes  as 
co a  <  1  -2kT.  Further  increase  in  coA  results  in  the  for¬ 
mation  of  interphase  region  with  very  high  PACM20 
concentration,  as  shown  by  Fig.  1(a).  The  effective  in¬ 
terphase  modulus  starts  to  drop  and  asymptotically  ap¬ 
proaches  zero,  which  corresponds  to  the  modulus  of  pure 
PACM20.  Arayasantiparb  et  al.  [20]  reported  a  DGEBA/ 


Fig.  3.  Interphase  thickness  and  modulus  as  functions  of:  (a)  surface  potential,  <ba>  (b)  chain/chain  interaction,  x,  (c)  chain  length  of  amine,  xA  (=  *e), 
and  (d)  chain  length  ratio,  xeAa,  for  xA  =  150. 
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PACM20  interphase  concentration  profile  with  the 
maximum  pph  value  as  high  as  1560,  for  which  Et  may  be 
determined  to  be  0.0022  GPa  using  Eqs.  (8)  and  (9).  The 
interphase  thickness  increases  from  32  to  86  nm  as  coA 
increases  from  0  to  3.5kT,  since  more  PACM20  molecules 
are  adsorbed  into  the  interphase  region. 

The  influence  of  the  chain/chain  interaction  pa¬ 
rameter,  x,  on  the  interphase  properties  is  shown  in 
Fig.  3(b).  The  results  correspond  to  a)A  =  0 A3kT,  and 
all  other  parameters  retain  their  values  as  in  Fig.  1(a). 
Recall  that  the  positive  chain/chain  interaction  en¬ 
hances  the  preferential  adsorption  of  PACM20; 
therefore,  an  increase  in  x  has  the  same  effect  as  an 
increase  in  coa-  Consequently,  the  overall  trends  in 
Fig.  3(b)  are  similar  to  those  in  Fig.  3(a).  For  x  <  2.0, 
the  interphase  modulus  profiles  are  characterized  by 
relatively  small  variations  and  the  effective  interphase 
modulus  exhibits  little  change  with  respect  to  x-  Fur¬ 
ther  increase  in  x  causes  significant  adsorption  of 
PACM20,  and  E\  decreases  asymptotically  to  zero  as 
in  Fig.  3(a).  A  sharp  increase  in  the  interphase 
thickness  is  observed  for  the  interaction  parameter  % 
in  the  interval  1. 8-2.6. 

Fig.  3(c)  illustrates  the  effect  of  the  chain  lengths,  xA 
and  xe,  on  E\  and  <5,,  and  the  results  correspond  to  the 
same  parameter  combination  as  in  Fig.  1(b).  The  inter¬ 
phase  thickness  increases  monotonically  with  increasing 
xA  and  *e,  which  is  consistent  with  the  concentration 
profiles  shown  in  Fig.  1(b).  It  must  be  pointed  out  that 
the  interphase  modulus  is  almost  independent  of  the 
chain  lengths,  owing  to  the  small  variation  of  the  mod¬ 
ulus  in  the  pph  range  28-55  as  noted  in  Fig.  2.  Fig.  3(d) 
presents  the  effect  of  increasing  chain  length  jce  for  a  fixed 
chain  length  xA  =  150,  and  other  parameters  have  the 
same  values  as  in  Fig.  3(c).  Again,  the  effective  interphase 
modulus  is  insensitive  to  xe  due  to  the  small  variation  of 
the  interphase  modulus  profiles.  A  non-monotonic  trend 
is  observed  for  the  interphase  thickness,  and  may  be 
explained  as  follows.  The  increase  in  xE  results  in  an  in¬ 
crease  in  the  excess  mixing  term  and  a  decrease  in  the 
chain/chain  interaction  term  in  Eq.  (3).  As  xe  increases 
from  1  to  around  900,  the  increase  in  the  excess  mixing 
term  leads  to  more  adsorption  of  PACM20  and  in¬ 
creased  interphase  thickness.  The  decrease  in  the  chain/ 
chain  interaction  term  overcomes  the  increase  in  the 
excess  mixing  term  as  xE  increases  further,  yielding  less 
PACM20  adsorption  and  thinner  interphase. 

The  interphase  thickness  and  the  effective  interphase 
modulus  were  found  to  remain  invariant  with  the 
number  of  lattice  layers  in  a  sub-lattice,  Ne,  and  the 
lattice  layer  thickness,  1°.  The  corresponding  plots  are 
omitted  here  for  brevity.  The  effective  interphase  mod¬ 
ulus,  the  interphase  thickness,  and  the  properties  of  the 
fiber  and  the  matrix  constitute  inputs  to  the  numerical 
modeling  of  the  effective  composite  properties  discussed 
below. 


2.3.  Finite  element  analysis  of  laminae  transverse  moduli 

The  moduli  of  an  apparent  heterogeneous  composite 
lamina,  represented  by  a  representative  volume  element 
(RVE),  are  defined  as  those  of  an  equivalent  macro¬ 
scopic  homogeneous  medium.  The  equivalent  material  is 
generally  anisotropic,  and  exhibits  the  same  volume  and 
deformation  strain  energy  as  the  RVE  [14,21]: 

vcq  ~  v,  m  =  u,  (io) 

where  V  and  U  are  the  volume  and  strain  energy  of  the 
RVE,  and  Vtq  and  t/eq  are  the  same  quantities  for  the 
equivalent  material,  respectively. 

In  order  to  investigate  the  effect  of  the  fiber  ar¬ 
rangement  on  the  composite  properties,  two  types  of 
RVEs  are  considered  in  the  present  study.  These  corre¬ 
spond  to  a  staggered  and  rectangular  arrangement  of 
fibers  as  depicted  in  Figs.  4(a)  and  4(b),  respectively.  The 
cross-sections  of  the  RVE  in  the  x-y  plane  are  rectan¬ 
gular  with  length  a,  height  b,  and  array  angle  y.  In  the 
model  development,  subscripts  2  and  3  are  used  to  de¬ 
note  the  in-plane  transverse  properties,  as  is  conven¬ 
tionally  adopted  in  the  literature.  To  calculate  the 
composite  moduli,  appropriate  boundary  conditions  are 
essential  to  model  different  loading  situations  [21].  The 
following  boundary  conditions  are  considered  to  deter¬ 
mine  transverse  Young’s  moduli  [14,21]. 

u(0,y)  =  0, 

uia,y)  =  constant  =  d2, 
v(x,0)  =  0, 

v(x,b)  =  constant  =  <53) 

where  u  and  v  denote  displacement  in  the  x  and  y  direc¬ 
tions,  respectively,  and  the  subscripts  2  and  3  correspond 
to  the  directions  x  and  y,  respectively,  as  shown  in  Fig.  4. 

The  strain  energy  of  the  equivalent  material  subject  to 
the  loading  conditions  in  Eq.  (11)  is  given  by 

u'*  =  \l  QA<PjdV  =  '-CiA*jV, 

where  Cy  are  the  components  of  stiffness  matrix  of  the 
equivalent  material,  and  and  d>j  are  macrostrains  in  the 
contracted  notations.  Note  that  the  macrostrains  are 
constants  within  the  homogeneous  equivalent  material. 
Similarly,  the  strain  energy  of  the  RVE  may  be  written  as 

U  J  CytitjAV , 

where  the  stiffnesses,  e,y,  and  the  microstrains  e,  and  e, 
are  functions  of  locations  in  the  RVE.  The  RVE  strain 
energy  U  is  computed  using  ABAQUS  V6.3,  a  com¬ 
mercial  finite  element  package.  Substituting  the  above 
two  expressions  into  Eq.  (10)  yields 

'-QfrQjV  JcyctjdV.  (12) 
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(b)  k - a 

Fig.  4.  Unit  cells  considered  for  the  analysis. 


By  introducing  sufficient  number  of  admissible  defor¬ 
mation  states  of  the  RVE,  Eq.  (12)  may  be  used  repet¬ 
itively  to  form  a  set  of  linear  algebraic  equations  which, 
in  turn,  can  be  used  to  determine  all  the  stiffness  com¬ 
ponents  of  the  equivalent  (or  composite)  material. 

Three  deformation  states  are  configured  by  specifying 
the  following  requirements  for  the  boundary  conditions 
in  Eq.  (11): 

state  I :  d2  ^  0,  <53  =  0, 

state  II:  b2  ±  0,  <53  ^  0,  (13) 

state  III :  b2  =  0,  0. 


where  Uu  Uu,  C/ni  are  the  strain  energies  of  the  RVE 
(obtained  from  finite  element  analysis)  for  deformation 
states  I,  II  and  III,  respectively.  Eq.  (15)  may  be  used  to 
solve  the  stiffnesses  C22,  C2 3,  and  C33)  which,  in  turn,  are 
used  to  determine  transverse  Young’s  moduli  of  com¬ 
posite  laminae. 

In  this  study,  the  lamina  is  considered  to  be  an  or¬ 
thotropic  material,  and  has  two  independent  transverse 
Young’s  moduli,  E2  and  £3,  in  the  jc  and  y  directions  in 
Fig.  4,  respectively.  Under  plane  stress  conditions,  the 
relationships  between  the  stiffnesses  and  the  elastic 
constants  are  [22,23]: 


The  macrostrains  in  the  equivalent  material  corre¬ 
sponding  to  the  deformation  states  are: 

state  I :  ~ =  0,  023  =  0, 

state  II:  <P"=— ,  0"  =^,  023=  °>  (14) 

a  b 

state  III:  0^  =  0,  0"' 0™=O. 

Combining  Eqs.  (12)  and  (14)  yields: 
state  I:  l-C22{<P\)2V  =  UU 

state  II :  i  [c22(0?)2  +  C230?0?  +  C33(0?)2]  V  =  Un, 
state  III:  X-Cn{4*l)2V  =  Um, 

(15) 


C22  — 


C23  = 


C33  — 


E2 

1  -  v\3E2/E2  ’ 

viiE-i 

1  -  v\3E2/E2  ’ 
£3 

1  -  v\3E2/E2  ’ 


(16) 


where  v23  is  the  Poisson’s  ratio  of  the  composite  in  the 
x-y  plane.  The  three  relationships  in  Eq.  (16)  may  be 
rearranged  to  solve  for  the  three  unknowns,  E2,  E3,  and 
v23  as 


E2  =  C; 


22 


c2 

*"23 


£3  =  C33 


1  - 


C22C33 
C2  1 

*■"23 


C22C33 


v23  =  C23/C33. 


(17) 
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The  composite  properties,  E2,  £3,  and  v23,  in  Eq.  (17) 
depend  on  interphase  formation  and  fiber  microarchi- 
tectural  parameters.  The  interphase  formation  is  gov¬ 
erned  by  the  following  principal  parameters:  (1)  surface 
potentials  for  chain/surface  interaction,  and  coy.,  (2) 
the  chain/chain  interaction  parameter,  x,  (3)  lattice  layer 
thickness,  1°,  (4)  number  of  lattice  layer  within  a  sub¬ 
lattice,  Nl,  and  (5)  chain  lengths,  xE  and  jca.  Geometric 
parameters  pertaining  to  the  fiber  micro-architecture  in 
the  composite  are  the  fiber  volume  fraction,  vr,  the  rel¬ 
ative  fiber  arrangement  -  either  rectangular  or  staggered 
-  and  for  each  arrangement,  the  array  angle,  y.  A  sys¬ 
tematic  finite  element  analysis  is  carried  out  to  study  the 
effects  of  the  two  classes  of  parameters  -  interphase  and 
fiber  architectural  -  on  the  transverse  Young’s  moduli, 
£2  and  £3,  and  the  stress  concentration  factor.  For  each 
combination  of  model  parameters,  Eq.  (3)  is  used  to 
determine  the  interphase  composition  profile,  which  is 
transformed  to  the  interphase  modulus  profile  E{r)  by 
Eq.  (8),  and  the  effective  interphase  modulus,  E\,  is 
readily  determined  by  Eq.  (9).  Stress  fields  of  the  three 
deformation  states  (given  by  Eqs.  (11)  and  (13))  are 
calculated  using  ABAQUS,  with  E(r)  or  E,  as  input  in¬ 
formation.  The  stress  field  analyses  provide  the  values  of 
strain  energies,  which,  in  turn,  are  used  to  determine  the 
stiffness  components  in  Eq.  (15).  The  composite  moduli, 
E2  and  Ei,  are  subsequently  evaluated  using  Eq.  (15). 
Note  that  the  stress  concentration  factor,  Ks,  may  be 
defined  from  the  stress  field  as  the  ratio  between  the 
maximum  stress  in  the  domain  and  the  average  applied 
stress.  The  results  on  the  variation  of  E2,  £3,  and  Ks  with 
the  interphase  formation  parameters  and  the  geometric 
parameters  are  discussed  in  the  following  section. 

3.  Results  and  discussion 

Toward  validating  the  model,  the  predictions  of  the 
elastic  moduli  based  on  the  finite  element  analysis  of  the 
representative  volume  elements  were  compared  with 
calculations  by  Wacker  et  al.  [14].  It  must  be  pointed  out 
that  the  assumption  of  transverse  isotropy  is  used  in 
[14],  which  is  a  special  case  of  the  orthotropic  medium 
considered  in  this  study.  By  considering  a  rectangular 
array  and  setting  the  array  angle  y  to  45°,  the  ortho¬ 
tropic  solutions  are  reduced  to  the  corresponding 
transverse  isotropic  solutions  ( E2  =  £3).  The  RVE  used 
in  the  comparison  study  is  a  rectangular  array  (y  =  45°) 
with  50%  fiber  volume  fraction.  The  properties  and  the 
geometry  of  the  constituent  materials,  epoxy  matrix  (m), 
E-glass  fiber  (f),  and  the  interphase  (i)  are: 

£r  =  84  GPa;  vf  =  0.22;  rf  =  8.5  pm, 

Em  =  4  GPa;  vf  =  v;  =  0.34;  r,  =  9.5  pm, 

where  v  denotes  the  Poisson’s  ratio.  The  finite  element 
analysis  used  in  this  study  employs  eight-noded  qua- 


Table  1 


Effect  of  the  interphase  modulus  on  the  transverse  elastic  modulus  of 
an  epoxy/E-glass  composite  lamina.  Validation  of  the  present  analysis 
with  the  data  of  Wacker  et  al.  [14] 


Et  (GPa) 

Present  FEM 

Wacker  et  al.  [14] 

4 

12.15 

12.25 

6 

13.70 

13.71 

8 

14.66 

14.68 

12 

15.79 

15.91 

dratic  plane  stress  elements,  and  mesh  convergence 
studies  were  conducted  to  ensure  correct  modulus  val¬ 
ues.  Table  1  presents  a  comparison  of  the  transverse 
composite  modulus  predicted  from  the  present  analysis 
and  those  reported  by  Wacker  et  al.  [14]  for  different 
values  of  the  interphase  modulus,  Ex.  Good  agreement 
between  the  finite  element  model  predictions  and  the 
literature  results  is  observed  for  all  the  values  of  the 
interphase  modulus  studied. 

With  the  validated  finite  element  formulation  as 
basis,  effects  of  the  interphase  and  fiber  architectural 
parameters  on  the  composite  properties  are  described 
in  this  section.  A  DGEBA  epoxy/PACM20  curing 
agent  thermosetting  system  is  considered  in  the  para¬ 
metric  studies;  however,  all  the  analyses  are  readily 
extended  to  a  general  two-component  thermosetting 
system  provided  a  mapping  of  the  interphase  compo¬ 
sition  to  the  properties  is  known.  At  the  stoichiome¬ 
tric  point  (28  pph  PACM20),  the  modulus  of  the 
DGEBA/PACM20  system,  Em,  has  a  value  of  2.3  GPa 
as  obtained  from  Fig.  2.  As  mentioned  previously,  the 
interphase  modulus  profiles  are  obtained  by  combin¬ 
ing  Eqs.  (3),  (7),  and  (8),  and  the  effective  interphase 
modulus,  E\,  is  calculated  from  Eq.  (9).  Relevant  nu¬ 
merical  results  are  presented  for  the  first  time  where 
two  major  composite  properties,  modulus  and  stress 
concentration  factor  are  directly  linked  to  the  inter¬ 
phase  formation  parameters  without  assumed  struc¬ 
tures  or  properties  of  the  interphase. 

Fig.  5(a)  shows  a  dimensionless  composite  transverse 
Young’s  modulus,  E2/Em,  as  a  function  of  fiber  modulus 
ratio,  £f/£m  at  different  surface  potentials  a)A.  The  re¬ 
sults  correspond  to  a  rectangular  array  with  a  packing 
angle,  y  =  45°,  for  which  the  fiber  arrangement  is  iden¬ 
tical  in  the  2-  and  the  3-directions,  and  consequently, 
£2/ £m  =  £3 / Em  ■  For  the  case  of  cuA  =  0,  the  fiber  sur¬ 
face  is  neutral  to  PACM20,  and  its  concentration  near 
the  surface  is  almost  identical  to  that  of  the  far  region 
[see  Fig.  1(a)].  Consequently,  the  composite  material  is 
similar  to  a  two  component  (fiber  and  matrix)  system 
without  distinct  interphase  regions.  When  £f/£m  =  1, 
the  composite  modulus  ratio  £2/£m  (—E-i/Em)  =  \ 
since  the  material  is  essentially  homogeneous.  The 
composite  modulus  is  seen  to  increase  with  increasing 
fiber  modulus,  as  physically  expected.  However,  the  in¬ 
crease  rate  of  E2  (=£3)  slows  down  at  larger  £f/£m 
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Fig.  5.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  Er/Em  for  different:  (a)  surface  potentials,  and  (b)  chain/chain 
interaction  parameters.  The  RVEs  used  in  the  finite  element  analysis 
are  rectangular  arrays.  The  default  values  of  the  parameters  are: 
wE  =  -0.28 kT,  jcE  =  xA  =  150,  1°  =  15  nm,  NL  =  2.5,  uf  =  0.5, 
y  =  45°:  (a)  x  =  1.0,  (b)  oiA  =  0.43W. 

values;  as  E{/Em  — >  oo,  Ex/Em  (=  E-$/Em)  approaches  an 
asymptotic  value  corresponding  to  an  ideal  rigid  body 
reinforcement. 

Interphases  richer  in  PACM20  are  developed  as  coA 
increases.  When  oja  increases  from  0  to  1.6 kT,  the  pph 
PACM20  at  the  fiber  surface  increases  from  28  to  115, 
while  the  interphase  modulus  E\  decreases  38%  from 
2.30  to  1.43  GPa  (Fig.  2).  Since  the  interphase  thickness 
is  small  (about  120  nm),  the  composite  modulus  exhibits 
only  a  slight  corresponding  decrease.  Further  increase  of 
surface  potential  to  1.8W  and  2.0kT  yields  a  sharp  de¬ 
crease  of  E\  to  0.67  and  0.24  GPa,  respectively,  and  a 
significant  drop  in  the  value  E2  (=  £3)  is  observed.  At 
a>A  =  3.5 kT,  the  interphase  consists  of  almost  pure 
PACM20,  which  corresponds  to  a  near  zero  value  of  E\. 
In  this  case,  mechanical  and  thermal  loads  may  cause 
the  compressive  interfacial  contact  between  the  fiber  and 
matrix,  which  retains  certain  measure  of  load  transfer. 

In  Fig.  5(b),  the  influence  of  the  chain/chain  interac¬ 
tion,  x,  on  the  composite  modulus  is  demonstrated.  The 
result  corresponds  to  <x>A  =  0.43 kT,  with  all  the  other 
parameters  retaining  their  values  as  in  Fig.  5(a).  Once 


again,  by  virtue  of  isotropy  in  the  2-  and  3-directions 
corresponding  to  y  =  45°,  Ei/Em  =  Ei/Em  as  in 
Fig.  5(a).  Recall  that  positive  chain/chain  interaction 
enhances  the  preferential  adsorption  of  PACM20; 
therefore,  the  increase  of  x  has  the  same  effect  as  the 
increase  of  surface  potential  coa-  Since  the  fiber  surface 
typically  exhibits  preferential  adsorption  of  the 
PACM20  species  [1-6],  the  values  of  a>A  are  taken  to  be 
positive.  However,  both  repulsive  and  attractive  chain/ 
chain  interactions  are  considered,  and  x  can  be  positive 
or  negative.  Discussion  of  the  trends  with  respect  to 
increasing  x  follows  that  presented  with  respect  to  in¬ 
creasing  &)A  in  Fig.  5(a),  and  similarly,  E2/Em  (=  £3 /Em) 
increases  with  E{/Em  as  explained  previously. 

The  influence  of  the  other  interphase  formation  pa¬ 
rameters,  i.e.,  x\ ,  x2>  1°,  and  NL  on  the  transverse  com¬ 
posite  modulus  ratio,  E2/Em  (=  Ei/Em)  is  shown  in  Figs. 
6  and  7.  It  was  seen  in  Fig.  1(b)  that  the  pph  PACM20  at 
the  fiber  surface  increases  almost  twice  to  53  as  chain 
lengths  decrease  from  5000  to  10.  However,  the  inter¬ 
phase  modulus  has  only  a  negligible  corresponding 
change  from  2.30  to  2.10  GPa,  owing  to  the  small 


Fig.  6.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  Er/Em  for  different:  (a)  chain  lengths,  and  (b)  chain  length  ratios. 
The  default  values  of  the  parameters  are:  we  =  -0.28 kT,  wa  =  0.43kT, 
X  =  1.0,  ft  =  15  nm,  Nj_  =  2.5,  »r  =  0.5,  y  =  45°. 
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Fig.  7.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  E(/Em  for  different:  (a)  number  of  lattice  layers  in  a  sublattice, 
and  (b)  thickness  of  a  lattice  layer.  The  default  values  of  the  param¬ 
eters  are:  cue  —  —0.28*7",  coa  =  0.43*7",  y  =  1.0,  jce  =  *a  =  1 50, 
V{  =  0.5,  y  =  45°:  (a)  1°  =  15  nm,  (b)  N,  =  2.5,. 


Fig.  8.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  Er/Em  for  different:  (a)  fiber  volume  fractions,  and  (b)  array 
angles.  The  default  values  of  the  parameters  are:  g>e  =  —0.28*7", 
w\  —  0.43 kT,  y  =  1.0,  *e  =  *A  =  150,  1°  =  15  nm,  =  2.5:  (a) 
y  =  45°,  (b)  Vf  =  0.5. 


variation  of  modulus  in  the  pph  range  28-55  as  noted  in 
Fig.  2.  Consequently,  the  composite  modulus  £2  (=  £3) 
is  almost  independent  of  the  chain  lengths,  x%  and  x\,  as 
shown  in  Fig.  6(a)  and  (b),  for  a  wide  range  of  values. 
The  interphase  modulus  also  has  a  small  change  from 
2.30  to  2.18  GPa  for  the  range  of  JVl  considered;  con¬ 
sequently,  the  composite  modulus  is  insensitive  to  Nl 
(Fig.  7(a)). 

Recall  that  the  interphase  thickness  may  be  calculated 
as  A z/°,  where  Az  is  the  number  of  lattice  layers  within 
the  interphase  region.  For  fixed  Az,  the  value  of  lattice 
layer  thickness  fi  governs  the  interphase  thickness,  and 
in  turn,  the  composite  modulus.  However,  for  the  pa¬ 
rameter  combination  considered  in  Fig.  7(b),  the  effec¬ 
tive  interphase  modulus,  E\,  has  a  value  of  2.15  GPa, 
which  is  close  to  the  matrix  modulus  of  2.30  GPa.  In  this 
case,  the  lattice  layer  thickness  (or  the  interphase 
thickness)  has  a  limited  influence  on  £2  (and  £3).  It  must 
be  pointed  out  that  1°  may  be  an  important  parameter  if 
other  combinations  of  parameters  for  which  £i  differs 
considerably  from  £m  are  considered. 


The  results  in  Figs.  5-7  pertain  to  the  effects  of  the 
interphase  parameters  on  the  composite  modulus.  In  the 
foregoing  discussion,  it  is  assumed  that  composite  lam¬ 
inae  consist  of  repeating  rectangular  RVEs  with  fif  =  0.5 
and  the  transversely  isotropic  configuration  of  y  =  45°. 
Clearly,  the  microgeometry  of  the  fiber  arrangement  in 
the  matrix  influences  the  overall  composite  properties, 
and  to  this  end,  it  is  of  significance  to  investigate  their 
effects.  Furthermore,  given  that  the  real  fiber  arrange¬ 
ment  in  a  composite  cross  section  is  random,  a  system¬ 
atic  analysis  of  the  microgeometry  parameters  will  yield 
insight  on  the  range  of  property  values  expected  of  ac¬ 
tual  composites.  Toward  this  objective,  the  effects  of  the 
fiber  volume  fraction,  vy,  and  array  angle,  y,  are  inves¬ 
tigated  for  the  rectangular  and  the  staggered  fiber  ar¬ 
rangements.  The  results  are  presented  in  Figs.  8-10  as 
described  below. 

Fig.  8(a)  shows  the  influence  of  the  fiber  volume 
fraction,  Vf,  in  the  case  of  rectangular  arrays  with 
y  =  45°.  For  a  fixed  fiber-matrix  modulus  ratio  £f/£m, 
the  composite  modulus  EijEm  (=  £3  /£m)  increases 
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Fig.  9.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  Er/Em  for  different:  (a)  surface  potentials,  and  (b)  chain/chain 
interaction  parameters.  The  default  values  of  the  parameters  are: 
coE  =  -0.28*7-,  oce=xa  =  150,  1°  =  15  nm,  Ni  =  2.5,  V{  —  0.5, 
y  =  45°:  (a)  x  =  1-0,  (b)  o>A  =  0.43*7\ 

raonotonically  with  increasing  fiber  volume  fraction,  V[. 
This  is  attributed  to  the  increasing  concentration  of  the 
stiffer  fiber  phase  in  the  composite.  For  the  range  of 
values  considered  in  the  current  study,  it  is  observed  that 
the  geometric  parameters  have  more  significant  effect  on 
E2/Em  (=E)/Em)  than  the  interphase  parameters.  For 
example,  when  t>r  =  0.7,  the  asymptotic  value  of 
E2/Em  (=  E2/Em)  is  around  7.6,  which  is  more  than 
twice  the  corresponding  values  shown  in  Fig.  5(a)  for 
o)A  =  0  or  for  x  =  -100  in  Fig.  5(b). 

Fig.  8(b)  shows  the  modulus  ratio,  Ex/Em  at  different 
array  angle,  y,  for  a  rectangular  arrangement  of  fibers  in 
the  RVE.  For  any  fiber  array  angle,  y,  the  values  of  £3 
may  be  derived  from  the  results  for  E2  by  considering  a 
complementary  RVE  constructed  by  rotating  the  origi¬ 
nal  one  by  90°.  From  geometric  symmetry  consider¬ 
ations,  £2  and  £3  are  equal  for  the  complementary 
RVEs,  i.e.,  £2(7)  =  £3(90°  -  y).  In  the  special  case  of 
y  =  45°,  £2(45°)  =  £3(45°),  as  presented  in  the  results  so 
far.  It  is  seen  in  Fig.  8(b)  that  for  a  fixed  fiber-matrix 
modulus  ratio,  £f/£m,  the  transverse  moduli 
E2{y)/Em  [=  £3(90°  -  y)/£m]  increase  monotonically 


Fig.  10.  Transverse  Young’s  modulus  of  composite  as  a  function  of  the 
ratio  Ef/Em  for  different:  (a)  fiber  volume  fractions,  and  (b)  array 
angles.  The  default  values  of  the  parameters  are:  we  =  -0.28 kT, 
coa  =  0.43W,  x—  10,  xe  =  xa  =  1 50,  /°  =  15  nm,  Ni  =  2.5:  (a) 
y  =  45°,  (b)  vt  =  0.5. 

with  increasing  fiber  array  angle,  y.  A  larger  value  of  y 
corresponds  to  a  shorter  inter-fiber  distance  in  the  2- 
direction  and  a  larger  inter-fiber  spacing  in  the  3-direc- 
tion,  which  causes  an  increase  of  £2(7)  and  a  decrease  in 
£3(7).  A  relatively  large  increase  in  the  composite 
modulus,  by  as  much  as  a  factor  of  6,  may  be  achieved 
at  7  =  55°,  as  noted  in  Fig.  8(b). 

The  influence  of  the  relative  fiber  arrangement  on  the 
composite  moduli  is  examined  by  considering  the  stag¬ 
gered  array,  as  presented  in  Figs.  9  and  10.  The  results 
are  based  on  the  same  parameter  combinations  as  in 
Figs.  5  and  8,  respectively,  except  for  the  fiber  mic¬ 
roarchitecture.  As  shown  in  the  results  for  rectangular 
arrays,  the  effects  of  the  interphase  formation  parame¬ 
ters,  *£>  *a,  M,»  and  1°,  are  less  significant  [Figs.  6  and  7] 
relative  to  the  effects  of  caA  and  y  [Fig.  5(a)  and  (b)].  A 
similar  result  was  obtained  for  the  staggered  arrays  as 
well,  and  consequently  the  results  presented  in  Fig.  9 
elucidate  only  the  effect  of  coA  and  y  for  the  staggered 
fiber  arrangement.  The  trends  in  Fig.  9(a)  and  (b)  follow 
those  in  Fig.  5(a)  and  (b),  respectively,  namely  that 
Ei/Em  (=  Ei/Em)  increases  with  increasing  coA  and  y, 
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and  with  increasing  E{/Em.  However,  it  is  observed  that 
the  values  of  Ei/Em  (=  Ei/Em)  for  the  staggered  arrays 
are,  in  general,  smaller  than  those  for  the  corresponding 
rectangular  arrays  (cf.  Fig.  5). 

Fig.  10  presents  the  effects  of  the  geometric  parame¬ 
ters  V{  and  y  on  the  effective  composite  modulus,  for  a 
staggered  fiber  arrangement,  following  the  same  pre¬ 
sentation  format  as  in  Fig.  8.  It  is  seen  from  Fig.  10(a) 
that  the  transverse  elastic  modulus,  £2/£m  (=  E^/Em) 
increases  monotonically  with  increasing  fiber-matrix 
modulus  ratio,  Ef/Em ,  and  with  increasing  fiber  volume 
fraction,  V[,  a  trend  similar  to  that  in  Fig.  8,  and  ex¬ 
plained  similarly  as  in  the  related  discussion.  The  no¬ 
table  distinction  is  once  again  in  the  magnitude  of 
Ei/Em  (=  E3/Em)  relative  to  the  values  for  the  corre¬ 
sponding  rectangular  array  in  Fig.  8. 

The  influence  of  the  fiber  array  angle,  y,  on  the 
transverse  moduli,  Ei{y)/Em  [=  £3(90°  -  y)/Em),  is  seen 
in  Fig.  10(b).  While  the  composite  modulus  increases 
monotonically  with  E[/Em  as  seen  in  previous  result,  the 
modulus  exhibits  a  non-monotonic  trend  with  respect  to 
the  staggered  array  angle,  y.  The  effective  modulus  ini¬ 
tially  decreases  as  y  increases  from  25°  to  45°  and  in¬ 
creases  with  further  increase  of  y.  Note  that  the  moduli 
for  y  —  30°  and  y  —  60°  are  identical,  reflecting  the  fact 
that  the  fiber  arrangements  are  geometrically  equivalent 
(corresponding  to  the  hexagonal  array)  for  these  two 
configurations.  The  modulus  variation  for  y  =  67.5°  [the 
solid  line  in  Fig.  10(b)]  is  numerically  distinct  although 
close  to  the  values  for  y  =  30°  and  60°.  These  trends  are 
consistent  with  those  reported  for  the  effective  transverse 
thermal  conductivity  of  fibrous  composites  by  Han  and 
Cosner  [24], 

The  discussion  so  far  focused  on  the  effective  moduli 
of  the  composite.  It  is  further  instructive  to  explore  the 
interphase  effects  on  the  maximum  stress  concentration 
factor,  Ks,  as  considered  in  the  remainder  of  this  section. 
The  stress  concentration  factor  is  one  of  the  parameters 
influencing  the  failure  of  composite  materials  [25-27]. 
Boundary  conditions  used  to  calculate  Ks  are  given  by 
Eq.  (11),  where  <$3  is  set  to  be  zero.  A  maximum  Ks  is 
defined  as  the  ratio  of  the  maximum  principal  stress, 
<rmax,  to  the  average  applied  stress,  ax,  where  both  o-max 
and  ax  are  obtained  from  2D  finite  element  analysis 
under  plane  strain  conditions.  The  mesh  used  in  the 
evaluation  of  Ks  was  determined  through  a  systematic 
convergence  study  where  the  mesh  was  refined  until  no 
significant  change  in  the  computed  Ks  value  was  noted. 
The  convergence  studies  were  carried  out  for  the  ex¬ 
treme  values  of  the  interphase  modulus,  E\  —  0.01  MPa 
and  2.4  GPa,  respectively,  used  in  the  present  analysis, 
and  finer  of  the  two  mesh  structures  was  used  to  com¬ 
pute  the  values  reported  in  this  section. 

Three  examples  of  maximum  principal  stress  fields 
are  presented  in  Fig.  1 1,  for  the  parameter  combination 
indicated  in  the  caption.  Fig.  ll(a)-(c)  correspond  to 
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*=3.0 
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Fig.  1 1 .  Maximum  principal  stress  distribution  within  a  staggered  RVE 
containing:  (a)  stiff,  (b)  media,  and  (c)  soft  interphase.  The  default 
values  of  the  parameters  are:  we  =  —0.28kT,  a>A  =  0.4317, 
xe  =  xA  =  150,  f>  =  15  nm,  NL  =  2.5,  ef  =  0.5,  y  =  45°. 


stiff,  moderate,  and  soft  interphase  regions,  with 
£)  =  2.159  GPa,  0.157  GPa,  and  0.620  MPa,  respec¬ 
tively.  The  stiff  interphase  in  Fig.  1 1(a)  shows  relatively 
strong  capability  to  transfer  load  from  matrix  to  the 
fiber,  which  leads  to  large  stress  concentrations  in  the 
fiber  regions.  For  the  interphase  with  moderate  modulus 
in  Fig.  11(b),  load  can  still  be  transferred  to  the  liber 
through  the  interphase,  however,  the  stress  distribution 
appears  more  uniform  since  a  bigger  portion  of  the  load 
is  carried  by  the  matrix  as  compared  to  Fig.  11(a).  In 
Fig.  11(c),  the  interphase  is  too  weak  to  transfer  any 
load  to  the  fiber,  and  the  matrix  assumes  all  the  load. 
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Stress  concentration  is  found  within  the  matrix  instead 
of  the  fibers.  It  is  interesting  to  note  that  the  fibers  are  in 
a  compression  (not  tension)  state,  since  the  elongation 
of  the  matrix  in  x-direction  causes  a  contraction  in  the 
^-direction,  which,  in  turn,  yields  a  transverse  com¬ 
pression  of  the  fibers. 

From  the  predicted  stress  fields  as  exemplified  in 
Fig.  11,  Ks  may  be  obtained  for  different  combinations 


Fig.  12.  Stress  concentration  factor  of  composite  as  a  function  of  the 
ratio  Ef/Em  for  different  chain/chain  interaction  parameters.  The 
default  values  of  the  parameters  are:  cue  =  -0.2%kT,  coA  =  0.437:7", 
*e  =  *a  =  150,  1°  =  15  nm,  7VL  =  2.5,  «f  =  0.5,  y  =  45°. 


of  interphase  and  geometric  parameters.  For  the  cap¬ 
tioned  parameter  values,  Fig.  12(a)-(c)  presents  nine 
curves  corresponding  to  nine  values  of  x  in  the  range 
-1.00-3.50,  which  is  chosen  to  cover  the  range  of  in¬ 
terphase  concentration  values  reported  by  Arayasanti- 
parb  et  al.  [20].  The  interphase  modulus  values 
corresponding  to  the  different  values  of  x  are  tabulated 
in  Table  2.  For  the  cases  of  x  —  — 1  00,  1.00,  2.00 
(Fig.  12(a)),  the  corresponding  interphases  are  stiff,  and 
the  stress  distributions  are  similar  to  that  in  Fig.  11(a). 
In  this  range  of  x,  it  is  noted  from  Table  2  that  the  values 
of  E j  are  close  to  that  of  Em  (=  2.30  GPa),  therefore,  the 
composite  is  similar  to  a  two-component  material.  The 
stress  concentration  factor  increases  monotonically  with 
increasing  E(/Em  in  Fig.  12(a),  which  is  consistent  with 
the  trend  reported  for  a  two-component  composite  in 
the  literature  [4].  At  fixed  Ey/Em,  a  slight  decrease  of  Ks 
is  observed  as  x  increases  to  2.00,  which  may  be  attrib¬ 
uted  to  the  relatively  softer  interphase. 

Moderately  stiff  interphases  similar  to  that  in 
Fig.  11(b)  are  formed  for  x  in  the  range  2.05-2.10.  Non¬ 
monotonic  trends  are  observed  in  the  stress  concentra¬ 
tion  factor,  K&,  for  the  cases  in  Fig.  12(b),  which  may  be 
explained  as  follows.  As  Ef/Em  increases  from  1,  the 
composite  modulus,  E2,  experiences  a  rapid  initial  in¬ 
crease  (Fig.  5(b)),  and  the  applied  load,  ax,  being  directly 
proportional  to  E2,  increases  at  the  same  rate.  On  the 
other  hand,  the  maximum  principal  stress  in  the  fibers, 
erra ax,  exhibits  a  relatively  smaller  increase  since  the  load 
transfer  through  the  interphase  is  not  sufficient,  causing 
an  initial  decrease  in  Ks  with  increasing  E[/Em.  Fig.  5(b) 
also  indicates  that  further  increase  in  Ey/Em  yields  only 
limited  gain  in  E2,  and  the  increase  rate  of  <rmax  exceeds 
that  of  ffx,  which  explains  the  later  increase  of  Ks  in 
Fig.  12(b). 

As  x  >  2.20,  the  interphases  in  the  composite  belong 
to  the  soft  type  as  in  Fig.  11(c),  where  the  maximum 
stress  concentration  occurs  in  the  matrix  region.  For  the 
case  of  x  =  2  20,  similar  reasoning  as  in  the  cases  of 
X  =  2.05,  2.10  may  be  used  to  explain  the  decreasing 
trend  with  E[/Em.  As  x  increases  from  2.20  to  3.50,  the 
value  of  Ks  at  the  ratio  Ef/Em  —  1  increases  sharply 
from  2.07  to  5.85,  which  may  be  explained  by  the  in¬ 
creasing  difference  between  the  interphase  and  the  ma¬ 
trix  moduli.  The  fibers  are  weakly  bonded  to  the  matrix 
for  the  cases  x  ^  2.50,  and  Ks  is  seen  to  be  relatively 

Table  2 


Interphase  moduli  at  different  values  of  the  interaction  parameter  x  in 
Fig.  11 


X 

-1.00 

1.00 

2.00 

E,  (GPa) 

2.19 

2.16 

1.44 

X 

2.05 

2.10 

2.20 

E,  (GPa) 

0.43 

0.16 

0.04 

X 

2.50 

3.00 

3.50 

E,  (MPa) 

3.90 

0.62 

0.32 
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insensitive  to  the  change  in  the  fiber-matrix  modulus 
ratio  [Fig.  12(c)]. 

Detailed  results  on  the  effects  of  the  other  interphase 
formation  parameters  on  Ks  for  rectangular  arrays  are 
omitted  for  brevity.  However,  it  is  found  that  the  surface 
potential,  coA,  shows  similar  trends  as  x  in  Fig.  12(a)-(c). 
As  coA  increases  from  0  to  3.5kT,  the  type  of  the  inter¬ 
phase  changes  from  stiff  to  moderate,  and  finally  to  soft; 
non-monotonic  trends  for  the  moderately  stiff  inter¬ 
phases  (similar  to  Fig.  12(b))  and  higher  Ks  values  for 
the  soft  interphases  (similar  to  Fig.  12(c))  are  seen  again. 
Since  the  parameters  xE,  xA,  NL,  and  1°  do  not  have  a 
significant  influence  on  the  interphase  modulus  (Figs.  6 
and  7),  their  effects  on  the  stress  concentration  factor  Ks 
are  also  found  to  be  negligible. 

Fig.  13  shows  the  influence  of  geometric  parameters 
of  the  fiber  arrangement,  Vf  and  y,  on  Ks  for  rectangular 
arrays.  The  interphases  involved  are  stiff  (£)  =2.15 
GPa),  therefore,  Ks  increases  monotonically  with  in¬ 
creasing  E[/Em.  For  a  fixed  ratio  E(/Em,  Ks  increases  as 
V{  or  y  increases,  since  the  inter-fiber  distances  in  the 


Fig.  13.  Stress  concentration  factor  of  composite  as  a  function  of  the 
ratio  Ef/Em  for  different:  (a)  fiber  volume  fractions,  and  (b)  array 
angles.  The  default  values  of  the  parameters  are:  o>e  =  -0.28*7\ 
o>a  =  0.43W,  x=  10.  *e  =  *a  =  150,  Z°  =  15  nm,  NL  =  2.5:  (a) 
y  =  45°,  (b)  =  0.5. 


loading  direction  become  smaller  in  both  cases.  It  is 
interesting  to  note  that  the  influence  of  the  geometric 
parameters  on  Ks  is  relatively  smaller  than  that  of  the 
interphase  formation  parameter  discussed  in  Fig.  12. 
The  maximum  values  of  Ks  in  Fig.  13(a)  and  (b)  are  2.53 
and  3.70,  respectively,  which  are  smaller  than  the  value 
of  5.85  in  Fig.  12(a).  Recall  that  the  geometric  param- 


Fig.  14.  Stress  concentration  factor  of  composite  as  a  function  of  the 
ratio  Ef/Em  for  different  surface  potentials.  The  default  values  of  the 
parameters  are:  a>E  =  -0.28 kT,  x  =  10,  xE  =  xA  =  150,  1°  =  15  nm, 
=  2.5,  V(  =  0.5,  y  =  45°. 
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Fig.  15.  Stress  concentration  factor  of  composite  as  a  function  of  the 
ratio  Et/Em  for  different:  (a)  fiber  volume  fractions,  and  (b)  array 
angles.  The  default  values  of  the  parameters  are:  cue  =  -0.28fc7\ 
cua  =  0.43*T,  y=  1.0,  xE  =jca  =  150,  1°  =  15  nm,  NL  =  2.5:  (a) 
y  =  45°,  (b)  vt  =  0.5. 

eters  have  stronger  effects  on  Ey  than  the  interphase 
formation  parameters,  as  shown  in  Fig.  5. 

The  results  of  Ks  for  staggered  arrangement  of  fibers 
in  the  composite  are  illustrated  in  Figs.  14  and  15. 
Fig.  14  follows  the  presentation  format  of  Fig.  12,  and 
depicts  the  effect  of  the  surface  potential,  coA  as  an  ex¬ 
ample  interphase  formation  parameter.  The  interphase 
modulus  values  corresponding  to  the  different  values  of 
wa  are  tabulated  in  Table  3.  Fig.  14(a)-(c)  correspond  to 
the  results  of  stiff,  moderate,  and  soft  interphase  regions, 
respectively.  As  mentioned  before,  increases  in  a>A  and  x 
both  lead  to  interphase  regions  richer  in  PACM20, 

Table  3 


Interphase  moduli  at  different  values  of  the  interaction  parameter  cuA 
in  Fig.  14 


0>A 

0.0 

0.5 

1.4 

E,  (GPa) 

2.21 

2.15 

2.00 

(0A 

1.6 

1.8 

2.0 

E,  (GPa) 

1.03 

0.68 

0.24 

coA 

2.8 

3.5 

E,  (MPa) 

1.14 

0.01 

therefore,  the  observations  and  explanations  of  trends  in 
Fig.  14  are  similar  to  those  in  Fig.  12.  For  E(/Em  >  10 
(typical  range  of  practical  interest),  the  stress  concen¬ 
tration  factor  initially  decreases  with  the  increase  of  a>A 
due  to  softer  interphase;  however,  Ks  increases  as  co A 
increases  further  to  form  weak  interphases.  Again,  the 
influence  of  the  other  interphase  parameters  on  Ks  for 
the  staggered  arrays  is  similar  to  that  outlined  in  the  case 
of  the  rectangular  arrays,  and  a  detailed  discussion  is 
not  included  here. 

Fig.  15  illustrates  the  influence  of  the  fiber  volume 
fraction  (it)  and  the  fiber  array  angle  (y)  for  the  case  of 
staggered  arrays.  For  fixed  ratio  Ef/Em,  Ks  increases 
monotonically  with  the  increase  of  fiber  volume  frac¬ 
tion,  which  is  similar  to  the  trend  noted  for  rectangular 
arrays  in  Fig.  13.  However,  the  values  of  Ks  in  Fig.  15(a) 
are  smaller  than  those  for  the  rectangular  arrays  of  the 
same  volume  fraction.  Recall  from  Fig.  10(b)  that  for  a 
fixed  ratio  E[/Em,  the  effective  composite  modulus  was 
observed  to  be  minimum  at  y  =  45°.  Similarly,  a  non¬ 
monotonic  trend  of  the  stress  concentration  factor  is 
also  noted  in  Fig.  15(b)  with  respect  to  y.  However,  the 
stress  concentration  factor,  Ks,  reaches  a  maximum  (not 
a  minimum)  at  y  =  45°,  decreases  to  a  minimum  at 
y  =  55°,  and  increases  for  y  >  55°.  It  is  also  observed 
that  unlike  the  trend  noted  in  Fig.  10(b),  the  values 
corresponding  to  y  =  30°  and  60°  are  not  identical  in 
Fig.  15(b). 

Two  important  composite  properties,  transverse 
Young’s  modulus  and  normal  stress  concentration  fac¬ 
tor,  are  presented  in  this  section  as  functions  of  pro¬ 
cessing  and  geometrical  related  parameters.  Similarly, 
other  composite  properties  such  as  transverse  shear 
modulus  and  the  shear  stress  concentration  factor  may 
be  obtained  for  a  more  comprehensive  analysis.  For 
given  material  components  and  parameters,  the  ap¬ 
proach  presented  in  this  article  provides  for  predicting 
the  composite  properties  without  any  assumed  inter¬ 
phase  properties.  The  results  provide  capabilities  for 
tailoring  composite  properties  and  interphases  via  suit¬ 
able  material  and  processing  parameter  selection. 

4.  Conclusions 

An  interphase  formation  model  obtained  from  first 
principles  is  adopted  to  predict  the  modulus  and  stress 
concentration  factor  of  a  fibrous  composite,  eliminating 
the  need  for  assumed  interphase  properties.  Interphase 
formation  parameters  such  as  the  surface  potentials 
and  chain/chain  interaction  are  directly  linked  for  the 
first  time  to  the  overall  composite  properties.  Para¬ 
metric  studies  on  DGEBA/PACM20  thermosetting 
composites  reveal  that  transverse  modulus  and  stress 
concentration  factor  of  the  composites  strongly  depend 
on  the  chain/surface  and  chain/chain  interactions.  The 
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transverse  Young’s  modulus  shows  a  monotonic  de¬ 
crease  as  surface  potential  coA  or  interaction  parameter 
X  increases,  due  to  softer  interphases  associated  with 
the  higher  PACM20  concentration.  On  the  other  hand, 
the  stress  concentration  factor  initially  decreases  with 
increasing  coA  or  x  because  of  the  softer  interphases. 
With  further  increase  in  u> a  or  x,  the  location  of  stress 
concentration  transfer  from  the  fiber  to  the  matrix,  and 
the  stress  concentration  factor  starts  to  increase.  The 
study  provides  for  linking  the  processing  parameters  to 
the  composite  properties,  and  in  turn,  for  designing  the 
process  parameters  to  obtain  tailored  interphases  and 
properties. 
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Fabrication  of  thermosetting-matrix  composites  is 
based  on  a  critical  step  of  cure,  which  involves  applying 
a  predefined  temperature  cycle  to  a  fiber-resin  mixture. 
Several  temperature-dependent  mass  transport  pro¬ 
cesses  occur  in  the  vicinity  of  the  reinforcement  fiber, 
leading  to  the  formation  of  an  interphase  region  with 
different  chemical  and  physical  properties  from  the  bulk 
resin.  The  cure  cycles  applied  on  the  macroscopic 
boundaries  of  the  composite  govern  the  microscopic 
cure  kinetics  near  the  fiber  surface,  which  in  turn  deter¬ 
mines  the  interphase  and  composite  properties.  A  pre¬ 
dictive  approach  to  directly  linking  the  cure  cycles  and 
final  composite  properties  is  not  presently  available  and 
is  established  for  the  first  time  in  this  paper.  A  multiscale 
thermochemical  model  is  developed  to  predict  the  con¬ 
centration  profile  evolution  with  time  near  fiber  surfaces 
at  various  locations  across  the  composite  thickness. 
The  concentration  profiles  at  the  gelation  time  are 
mapped  to  modulus  profiles  within  the  interphase  re¬ 
gion,  and  a  finite  element  analysis  is  used  to  determine 
the  overall  composite  modulus  in  terms  of  the  constitu¬ 
ent  interphase,  fiber,  and  matrix  properties.  Relevant 
numerical  results  are  presented  for  the  first  time  where 
the  composite  modulus  is  directly  linked  to  the  cure 
cycle  and  interphase  formation  parameters  without  as¬ 
sumed  structures  or  properties  of  the  interphase.  The 
results  provide  useful  information  for  selecting  material 
components  and  cure  cycles  parameters  to  achieve  de¬ 
sired  interphase  and  composite  properties.  POLYM. 
COMPOS.,  26:193-208,  2005.  ©  2005  Society  of  Plastics  Engi¬ 
neers 

INTRODUCTION 

During  the  cure  of  thermosetting-matrix  polymer  com¬ 
posites,  the  presence  of  reinforcing  fibers  significantly  alters 
the  resin  composition  in  the  vicinity  of  the  fiber  surface  via 
several  microscale  processes,  forming  an  interphase  region 
with  different  chemical  and  physical  properties  from  the 
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bulk  resin.  The  interphase  resides  in  a  region  between  the 
original  constituents  of  the  composite  with  a  size  of  one  to 
a  few  thousand  nanometers  [1-4].  The  performance  of  the 
composite  is  determined  by  the  ability  of  the  matrix  to 
transfer  load  to  the  reinforcing  fiber  and  is  thus  controlled 
by  the  interphase  region.  The  structure  and  properties  of  the 
interphase  are  the  dominant  factors  governing  the  overall 
composite  properties  and  performance. 

Several  physical  and  chemical  mechanisms  contribute 
simultaneously  to  the  interphase  formation  and  very  few  of 
them  have  been  described  rigorously  in  mathematical  mod¬ 
els.  Garton  et  al.  [5]  showed  that  the  carbon  surfaces  influ¬ 
ence  the  cross-linking  reaction  in  an  amine  catalyzed  anhy¬ 
dride-epoxy  system  by  adsorbing  the  tertiary  amine  catalyst 
and  forming  amine  rich  interphase  regions  near  the  carbon 
surfaces.  Similarly,  Sellitti  et  al.  [6]  used  Fourier  transform 
IR  attenuated  total  reflection  spectroscopy  to  characterize 
the  interphase  phenomena  in  an  epoxy-anhydride-catalyst 
system,  and  showed  that  the  surface  species  introduced  on 
graphitized  carbon  fibers  can  promote  or  inhibit  the  cross- 
linking  process  by  the  preferential  adsorption  of  the  catalyst. 
Other  possible  interphase  mechanisms  are  proposed  by  Dr- 
zal  [4], 

Many  studies  in  the  literature  on  interphase  have  focused 
on  the  experimental  determination  of  the  influence  of  inter¬ 
phase  on  the  mechanical  behavior  of  the  composite  materi¬ 
als  (for  example.  Refs.  2-4, 7).  Fiber  surface  modifications, 
such  as  high  temperature  treatment  and  sizing,  are  com¬ 
monly  implemented  to  tailor  the  structure  of  the  interphase 
regions  and  to  investigate  their  effects  on  the  mechanical 
and  other  properties  of  the  composite  materials.  Numerical 
prediction  of  the  interphase  effects  on  the  overall  composite 
properties  are  also  frequently  seen  in  the  literature  (for 
example,  Refs.  8-10).  However,  the  studies  are  commonly 
based  on  assumed  or  empirical  interphase  property  varia¬ 
tion.  Tsai  et  al.  [8]  used  an  axisymmetric  finite  element 
model  to  study  the  interface  stress,  displacement,  and  frac¬ 
ture  toughness.  An  elastic  shear  lag  analysis  was  developed 
and  correlated  with  the  micro-debonding  test  data  to  deter¬ 
mine  the  thickness  and  material  properties  of  the  interphase. 
Boundary  element  method  was  adopted  by  Liu  et  al.  [9]  to 
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predict  transverse  moduli  of  fibrous  composites.  Tsui  et  al. 
[10]  studied  the  effects  of  different  interphase  properties  on 
Youngs  modulus,  maximum  stress  concentration  factor,  and 
stress  distribution  in  particle-filled  polymer  composites.  All 
the  studies  in  Refs.  9,  10  assumed  interphase  thickness  and 
modulus. 

Due  to  complexities  of  the  molecular  level  mechanisms 
that  occur  in  the  vicinity  of  the  fibers  during  the  processing, 
prediction  of  the  interphase  evolution  as  a  function  of  pro¬ 
cessing  parameters  has  been  the  subject  of  little  attention. 
Palmese  [1]  presented  a  model  for  predicting  the  interphase 
composition  profile  under  thermodynamic  equilibrium  con¬ 
ditions  of  a  nonreacting  epoxy-amine  resin  system.  The 
principle  of  minimum  free  energy  was  invoked  to  set  up  the 
equilibrium  state,  accounting  for  enthalpy  interaction  be¬ 
tween  fiber  surface  and  resin  components,  and  the  calcula¬ 
tion  of  Gibbs  free  energy  was  based  on  a  Flory-Huggins 
type  lattice  structure.  Hrivnak  [11]  extended  Palmese’s 
model  to  a  reacting  system  by  using  renewal  theory  models 
to  the  construction  of  the  assembly  Gibbs  free  energy  and 
the  associated  chemical  potential.  In  an  alternative  ap¬ 
proach,  a  kinetics-based  description  of  the  governing  phe¬ 
nomena  was  developed  by  the  authors  to  predict  the  inter¬ 
phase  development  during  thermosetting  composite 
processing  [12-15].  In  this  method,  a  mass  conservation 
principle  was  employed  to  describe  the  transport  processes 
of  multilayer  adsorption,  desorption,  and  diffusion  near  a 
fiber  surface,  which  are  accompanied  by  simultaneous  cure 
reaction  between  the  resin  components.  The  time  evolution 
of  interphase  concentration  profile  gradients  before  the  ge¬ 
lation  of  the  thermosetting  system  was  predicted  as  a  func¬ 
tion  of  material  and  process  parameters.  Furthermore,  to 
eliminate  the  need  for  assumed  interphase  properties  in  the 
prediction  of  overall  composite  properties,  the  interphase 
model  of  Hrivnak  was  adopted  by  the  authors  to  describe 
the  concentration  profiles  in  the  interphase  region  [16].  The 
interphase  concentration  profiles  were  subsequently  mapped 
to  modulus  profiles,  which  in  turn  were  used  in  finite 
element  analyses  to  calculate  the  modulus  and  stress  con¬ 
centration  factor  of  fiber  reinforced  epoxy/amine  compos¬ 
ites  [16]. 

The  foregoing  discussion  suggests  that  although  process- 
ing-interphase  and  interphase-property  relationships  have 
been  attempted  individually  under  special  conditions,  a 
complete  processing-interphase-property  linkage  has  not 
been  established  so  far.  This  is  in  part  due  to  the  complex¬ 
ities  of  the  inherent  mechanisms  involved  as  well  as  those  of 
integrating  the  phenomena  across  a  cascade  of  length  scales 
ranging  from  the  interphase  scale  (on  the  order  of  nm)  to  the 
laminate  scale.  The  goal  of  this  work  is  to  address  this 
challenge  and  to  establish  the  complete  processing-inter- 
phase-property  relationship  for  a  fiber  reinforced  epoxy/ 
amine  composite  system.  To  this  end,  the  microscale  kinet¬ 
ics  model  developed  by  the  authors  in  previous  studies 
[12-15]  is  coupled  with  the  macroscale  energy  equation  to 
predict  the  interphase  concentration  profile  evolution  with 
time  near  fiber  surfaces,  as  a  function  of  the  cure  tempera¬ 


ture  cycle  and  different  locations  across  the  composite  cross 
section.  An  experimental  correlation  between  interphase 
composition  and  modulus  is  used  to  map  the  concentration 
profiles  to  modulus  profiles,  which  in  tum  are  used  in  a 
finite  element  analysis  to  calculate  the  transverse  modulus 
of  the  composite.  A  systematic  study  is  conducted  to  show 
the  effects  of  different  cure  cycles  and  interphase  formation 
parameters  on  the  overall  composite  property. 


MODELING 

Thermosetting-matrix  composites  fabrication  via  an  au¬ 
toclave  process  is  considered  in  the  study.  In  this  process,  a 
laminate  consisting  of  multiple  layers  of  the  fiber-resin 
mixture  is  inserted  between  two  layers  of  tooling  material 
and  placed  in  an  autoclave  oven  [17-19].  The  assembly  is 
exposed  to  a  cure  temperature  cycle,  and  the  elevated  tem¬ 
peratures  initiate  an  exothermic  crosslinking  cure  reaction 
among  the  species  in  the  resin,  which  transforms  the  soft 
initial  mixture  to  a  structurally  hard  product.  The  dominant 
physical  and  chemical  phenomena  are:  1)  the  heat  transfer 
associated  with  the  heating  of  the  composite,  and  2)  the 
chemical  reaction  leading  the  cure  process  [17-19]. 

Modeling  of  the  heat  transfer  in  the  laminate  has  been 
well  established  in  the  literature,  as,  for  example,  in  Ref. 
18  and  in  the  references  therein.  Most  of  the  mathemat¬ 
ical  descriptions  of  the  cure  reactions  are  based  on  the 
assumption  of  uniform  reactant  concentration  throughout 
the  laminate  domain  (e.g..  Ref.  18),  while  the  influence  of 
the  reinforcement  on  the  cure  process  is  commonly  ig¬ 
nored.  An  interphase  kinetics  model  was  developed  by 
the  authors  to  account  for  the  fiber  surface  effects  on  the 
cure  reaction,  and  was  used  to  predict  the  reactant  con¬ 
centration  evolution  with  time  in  the  vicinity  of  a  fiber 
surface  for  the  case  of  isothermal  cure  process  [12-15]. 
In  this  study,  the  heat  transfer  model  is  coupled  with  the 
interphase  kinetics  model  to  predict  the  cure  evolution  at 
various  locations  across  the  thickness  of  the  laminate 
under  the  influence  of  nonisothermal  cure  cycles.  The 
processing  conditions  are  linked  first  with  the  local  in¬ 
terphase  structure  and  properties,  which  in  tum  are  used 
to  predict  the  overall  composite  modulus. 


Macroscale  Thermal  Model 

The  heat  transfer  in  the  autoclave  is  assumed  to  be 
uniform  across  the  length  and  width  of  the  assembly  (y-  and 
z-directions  in  Fig.  1),  and  the  lay-up  thickness  is  small  in 
comparison  to  the  laminate  length  and  width.  It  is  further 
assumed  that  symmetric  boundary  conditions  are  imposed 
on  the  top  and  bottom  surfaces  of  the  lay-up.  The  problem 
domain  is  thus  reduced  to  one  half  of  the  assembly  thick¬ 
ness,  and  the  one-dimensional  heat  transfer  equations  for  the 
laminate  and  tooling  materials  may  be  written  as: 
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FIG.  1 .  Schematic  of  a  laminate  cross  section  sandwiched  between  tool¬ 
ing  layers  in  an  autoclave  process  for  manufacturing  thermosetting  com¬ 
posites. 
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where  the  variables  t  and  x  are  the  time  and  location 
coordinates,  respectively,  A Hr  is  the  heat  of  the  cure 
reaction,  Cro  is  the  initial  concentration  of  the  epoxy 
resin,  ly  is  the  fiber  volume  fraction,  and  T  is  the  local 
temperature  of  the  lay-up  assembly.  The  subscripts  L  and 
T  refer  to  the  laminate  and  tooling,  respectively.  Note 
that  a  heat  source  term  is  present  in  the  laminate  equation 
to  account  for  the  heat  of  the  exothermic  cure  reaction  in 
the  composite.  The  three  material  properties  of  the  lam¬ 
inate,  namely,  the  thermal  conductivity,  kL,  the  density, 
pL,  and  the  specific  heat,  cpL,  are  evaluated  based  on  the 
weight  fraction  of  the  fiber  in  the  fiber-resin  mixture  [17]. 
The  term  de/dt  is  the  local  reaction  rate,  and  its  determi¬ 
nation  is  the  focus  of  the  remaining  discussion  in  this 
section. 

The  initial  temperature  field  in  the  laminate  and  tooling 
for  the  governing  equation,  Eg.  1,  is  given  by: 


Tl(x,  0)  =  TAx,  0)  =  Tini.  (2) 


The  boundary  conditions  associated  with  Eg.  1  are  convec¬ 
tive  heating  of  the  top  tooling  surface  by  the  cure  cycle 
T cur  A  ^ )  'n  the  autoclave  (x  =  L  +  LT  in  Fig.  1)  and  an 
insulated  condition  at  the  symmetry  line  of  the  lay-up  ( x 
=  0  in  Fig.  1).  Furthermore,  temperature  and  heat  flux  must 
be  continuous  at  the  laminate-tooling  interface  ( x  =  L). 
The  mathematical  expressions  for  these  conditions  may  be 
written  as  follows: 


(11  T 
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where  h  is  the  heat  transfer  coefficient  and  all  the  other 
terms  in  the  above  equations  are  defined  previously.  The 
cure  cycle  Tcurc(t )  considered  in  this  paper  begins  with  a 
linear  ramp  from  T  —  Tt  to  Tf  within  a  ramp  time  tr, 
followed  by  a  hold  stage  with  a  constant  temperature  T*,  as 
shown  schematically  in  Fig.  1. 


Microscale  Cure  Kinetics  Model 

The  cure  reaction  rate,  deldt  in  Eg.  1,  is  commonly 
modeled  by  empirical  correlations,  which  are  obtained  us¬ 
ing  data  from  the  bulk  reactions  with  uniform  mixing  of  the 
reacting  species  in  the  absence  of  the  reinforcing  fibers  [16]. 
The  presence  of  fibers,  however,  has  been  found  to  cause 
concentration  gradients  in  the  vicinity  of  the  fiber  surfaces 
through  the  preferential  adsorption  mechanism  [1, 12].  Con¬ 
sequently,  the  reaction  kinetics  is  significantly  changed  by 
the  spatial  variation  of  the  stoichiometric  ratio,  i.e.,  the 
nonuniform  mixing  of  the  reacting  species.  A  model  of  the 
microscale  cure  kinetics  near  the  fiber  surfaces  has  been 
developed  by  the  authors  [12],  and  is  modified  in  this 
subsection  to  determine  the  cure  reaction  rate  de/dt. 

The  geometry  considered  in  the  cure  kinetics  model  is 
the  inter-fiber  space  in  a  composite  having  a  typical  stag¬ 
gered  fiber  arrangement  (Fig.  2a).  The  domain  in  the  model 
development  is  idealized  as  the  region  between  two  identi¬ 
cal  infinite  planes  representing  the  fiber  surfaces  (Fig.  2b), 
which  may  be  justified  by  the  fact  that  the  interphase  thick¬ 
ness  is  often  small  in  comparison  to  the  fiber  diameter.  A 


middle  plane 

(a)  Fiber  arrangement  {b)  Model  domain 


FIG.  2.  (a)  A  representative  fiber  arrangement  in  the  composite,  and  (b) 

schematic  of  the  domain  between  two  fiber  surfaces  considered  in  the 
modeling. 
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FIG.  3.  Schematic  of  the  adsorption,  desorption,  and  diffusion  processes  near  a  fiber  surface  in  a  fiber-epoxy¬ 
amine  system. 


graphite  fiber/epoxy-amine  thermosetting  system  is  consid¬ 
ered  in  the  model  development;  however,  all  the  derivations 
and  results  are  applicable  to  a  general  two-component  ther¬ 
mosetting  system.  The  domain  between  the  two  fiber  sur¬ 
faces  is  divided  into  molecular  layers,  such  that  there  are  NL 
layers  in  the  half  domain.  Each  layer  is  further  discretized 
along  the  fiber  direction,  as  shown  in  Fig.  3,  and  a  molecule 
of  epoxy  or  amine  can  occupy  only  one  of  these  discretized 
cells. 

Due  to  the  interaction  between  resin  molecules  and  the 
fiber  surface,  as  well  as  those  among  resin  molecules  them¬ 
selves,  epoxy  and  amine  molecules  can  move  from  layer  to 
layer.  The  solid  surface  can  adsorb  molecules  from  a  “bulk” 
state  into  an  “adsorbed”  state,  and  conversely,  molecules  in 
the  “adsorbed”  state  may  be  desorbed  into  the  “bulk”  state. 
Molecules  in  the  “adsorbed”  state  are  treated  to  be  fixed  in 
the  space  and  are  not  permitted  to  diffuse,  while  molecules 
in  the  “bulk”  state  may  diffuse  within  the  resin  mixture. 
Figure  3  shows  the  molecular  layers  in  the  model  domain, 
where  the  shaded  cells  denote  contained  molecules  in  the 
“adsorbed”  state,  while  the  blank  cells  hold  molecules  in  the 
“bulk”  state.  Chemical  reaction  between  epoxy  ( E )  and 
amine  (A)  happens  simultaneously  during  the  adsorption, 
desorption,  and  diffusion  processes,  resulting  in  a  continu¬ 
ously  evolving  concentration  profile  that  is  “frozen”  in 
space  upon  gelation  of  the  thermosetting  system.  The  reac¬ 
tion  equation  may  be  written  as 


UlVEi 

dt  =  R“  ^1  ~  1  ’  ^  +  ')  +  +  ') 

storage  adsorption , 

-  RJE(i  -  1,  /)  -  RJiE(i,  i)  -  Rd  E(i  +  1,  i) 

v - v -  — . - — * 

desorption ,  ,/.£<*) 

-  9W0  .  (4) 

depletion  ( reaction ) 

In  Eq.  4,  dNEl/dt  is  the  rate  of  change  of  total  number  of 
adsorbed  epoxy  molecules  in  the  (i)th  molecular  layer,  and 
the  subscripts  E  and  i  denote  epoxy  and  (i)th  layer,  respec¬ 
tively.  Epoxy  molecules  in  the  bulk  state  in  the  (/  —  l)th, 
(i)th,  and  (i  +  l)th  layers  may  be  adsorbed  into  the  (i)th 
molecular  layer,  denoted  by  the  rate  terms  RaE(i  —  1,  i), 
Ra,E(i>  0»  Ra  E(i  +  1,  i),  respectively.  In  a  reverse 
process,  the  adsorbed  epoxy  molecules  in  the  (i)th  layer  can 
also  be  desorbed  into  the  bulk  in  the  (i  —  l)th,  (i)th,  and  (/ 
+  l)th  layers  through  the  rate  terms  Rd  E(i  -  1,  i),  Rd  E( i, 
i),  and  RdfE(i  +  1,  i).  Further,  the  depletion  of  adsorbed 
epoxy  in  the  (i)th  molecular  layer  through  chemical  reac¬ 
tion  is  determined  by  the  rate  term 

The  adsorption  of  epoxy  molecules  from  (i  —  l)th  layer 
of  the  bulk  state  to  (Oth  layer  of  the  adsorbed  state  is  given 
as: 


ntE  +  n2i4  — »  P 

where  P  denotes  the  product  and  n,  and  n2  are  the  molar 
numbers  of  the  reactants  needed  to  produce  1  mol  of  prod¬ 
uct. 

The  mass  balance  for  the  epoxy  molecules  in  the  “ad¬ 
sorbed”  state  in  any  (r)th  molecular  layer  yields  [12]: 


Ra.s(i  I  .  0 


The  parameter,  ka  E,  in  the  above  equation  is  the  frequency 
factor  in  the  adsorption  rate  of  epoxy  molecules,  and  Nt  is 
the  total  number  of  epoxy  and  amine  molecules  adsorbed  in 
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the  (i')th  layer,  i.e.,  Nt  =  NEJ  +  NAJ.  Because  a  molecule 
adsorbed  into  the  ( i ) th  layer  must  adjoin  an  adsorbed  epoxy 
or  amine  molecule  in  the  (i  —  l)th  layer,  the  term  7V,_ , 
—  Ni  yields  the  number  of  available  sites  in  the  (i  -  1  )th 
layer  which  are  open  for  adsorption.  Note  that  for  i  =  1 ,  the 
term  N0  —  Ni  denotes  the  available  sites  in  the  first 
adsorption  layer,  where  N0  is  the  number  of  adsorption  sites 
on  the  bare  fiber  surface.  The  activation  energy  of  adsorp¬ 
tion  for  the  epoxy  molecules  is  denoted  as  Ea  E,  which 
defines  the  energy  barrier  to  be  crossed  for  an  epoxy  mol¬ 
ecule  to  be  adsorbed.  The  parameters  NExi  and  NAoai  are 
the  number  of  epoxy  and  amine  molecules  in  the  bulk  state 
in  the  (i)th  molecular  layer,  and  =  NE^ti  +  NAcoJ. 
Since  the  epoxy  molecules  adsorbed  into  the  (i)th  layer 
come  from  the  (i  —  l)th,  (i)th,  and  (i  +  l)th  layers,  the 


fraction 


N: 


I 


„  ,  ..  -  in  the  above  equation  denotes 

the  probability  that  a  site  can  capture  an  epoxy  molecule 
from  the  (i  —  l)th  layer  of  the  bulk  state. 

The  “depletion”  term,  3Jr£.,  is  determined  by  the 
crosslinking  chemical  reaction  between  epoxy  and  amine, 
and  may  be  defined  as: 


9W«)  =  «i 


where  kr  is  the  reaction  rate.  The  other  rate  terms  and  the 
mass  conservation  analysis  of  the  amine  and  product  in  the 
adsorbed  state  (i.e.,  NA ,  and  NP  i)  may  be  discussed  in  a 
similar  way,  and  the  readers  are  referred  to  Ref.  12  for 
details. 

The  adsorbed  state  exchanges  mass  with  the  bulk  state,  in 
which  the  molecules  undergo  diffusion  in  addition  to  the 
adsorption,  desorption,  and  reaction  processes.  Evidently, 


the  following  processes  are  responsible  for  the  change  in  the 
number  of  the  epoxy  molecules  in  the  bulk  state  in  the  (i)th 
layer:  1)  diffusion  of  epoxy  molecules  in  the  “bulk”  state 
from  (i  4-  1)th  and  (i  -  l)th  layers  to  (i')th  layer,  which 
increases  NEm 2)  desorption  of  epoxy  molecules  in  the 
“adsorbed”  state  in  the  (i  —  1  )th,  (Oth,  and  (i  +  l)th  layers 
to  the  (Oth  layer  of  the  “bulk”  state,  which  increases  NEoo  i\ 
3)  epoxy  molecules  in  the  “bulk”  state  in  the  (Oth  layer 
being  adsorbed  to  the  (i  —  l)th,  (Oth,  and  (i  +  l)th  layers 
of  the  “adsorbed”  state,  which  reduces  NEoa  i;  and  4)  chem¬ 
ical  reaction  in  the  bulk  in  (Oth  layer,  which  depletes  NEecJ. 
Furthermore,  it  is  assumed  that  any  discrete  cell  within  a 
molecular  layer  is  filled  with  one  and  only  one  resin  mole¬ 
cule  at  any  time  instant,  which  assures  a  constant  number 
density  of  resin  molecules  near  the  surface.  Consequently, 
the  transfer  (caused  by  either  adsorption  or  desorption)  of 
one  molecule  (epoxy  or  amine)  from  the  (Oth  layer  to  a 
neighborhood  layer  j  (where  j  =  /  —  1,  i,  or  i  +  1)  creates 
a  vacant  square  box  in  (Oth  layer,  which  is  assumed  to  be 
filled  by  molecules  in  the  bulk  state  from  the  (j')th  layer. 
The  probability  that  the  vacant  site  is  filled  by  an  epoxy 


Ni 


e*j 


molecule  in  the  bulk  state  from  the  (y')th  is  -  .  Con 

™ as.  i 


versely,  the  transfer  (caused  by  either  adsorption  or  desorp¬ 
tion)  of  a  molecule  (epoxy  or  amine)  from  a  neighborhood 
(y')th  layer  into  the  (Oth  molecular  layer  repeals  one  of  the 
molecules  in  the  bulk  state  in  the  (Oth  layer  to  the  (j)th 
layer,  and  the  epoxy  molecules  are  reduced  with  the  prob- 


ability  — . 

‘  *  00,/ 

The  mass  balance  for  the  epoxy  molecules  in  the  “bulk” 
state  in  any  (Oth  molecular  layer  yields: 


Df 


dt  AL2\Ne*j+'  N0  "t°°J  N0  )  '  A L2  ^ '  N0  N0 

+  RdE(i,  i  -  1)  +  RdE(i,  i)  +  Rd  E(i,  i  +  1)  -  Rc  E(i,  i  -  1)  -  R„  E(i,  i )  -  RaE(i,  i  +  1)  - 


N0  -  N(i) 


Ni 


N0-N(i+  1)\  D 


)  +  A L2  (Ne^-' 


N0  -  N(i)  „  N0-N(i-l)\ 


N 


y=/- i.i+i  *J 


(Rd,E(j>  0  +  Rj,aU>  0  +  +  Ra,A(hj)) 


Ne<*j 


E  i )  +  K.a  O',  i) 


j—i~  1  ,i+  I 


+  Rj.eUJ)  +  RjJiJ)]  (5) 


where  the  mutual  diffusion  coefficient  DEA  in  the  binary 
epoxy-amine  mixture  is  a  function  of  temperature  and  de¬ 
gree  of  cure  [12],  A L  corresponds  to  the  physical  size  of  a 
molecular  layer,  and  kr  is  the  reaction  rate. 

It  must  be  pointed  out  that  Eq.  5  has  two  principal 
modifications  from  the  corresponding  equation  in  Ref.  12: 

1)  The  terms  in  the  last  two  lines  of  Eq.  5  are  added  to 
account  for  the  constant  number  density  consideration,  and 

2)  the  diffusion  term  is  modified  to  consider  the  blockage 
effect  of  the  adsorbed  molecules.  Since  molecules  in  the 
adsorbed  state  are  assumed  to  be  fixed  in  the  space,  a 
molecule  can  diffuse  into  the  (i)th  layer  only  into  an  avail¬ 


able  space  that  is  unoccupied  by  an  adsorbed  molecule. 
Consequently,  the  diffusion  rate  of  epoxy  molecules  from  (i 


+  1  )th  layer  to  (i)th  layer  is  -rjj  NE„  , 
N0-N(i ) 


E>ea  ..  N0-N(i) 


N0 


,  where 


No 


denotes  the  probability  of  the  above-mentioned 


diffusion.  Similar  considerations  are  incorporated  in  Eq.  5 
for  the  other  diffusion  terms,  i.e.,  from  (t)th  to  (i  +  l)th 
layer,  and  those  between  (/)th  and  (i  —  1  )th  layers. 

The  subscripts  E  and  A  in  Eq.  5  may  be  switched  to  obtain 
the  rate  equation  for  NAa>  i,  and  the  equation  for  Np^j  follows 
that  in  Ref.  12.  In  summary,  the  current  cure  kinetics  model 
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inherits  the  four  rate  equations  for  the  four  unknowns,  NEi, 
N AJ,  NP  j,  and  ,  in  Ref.  12,  and  the  two  equations  for  the 

two  unknowns,  NEx  i  and  NA^h  follow  the  form  given  by  Eq. 
5.  All  the  rate  equations  of  the  microscale  kinetics  model  are 
summarized  in  the  appendix.  The  symmetry  of  the  geometry  in 
Fig.  2b  suggests  the  following  conditions: 


the  instantaneous  number  of  epoxy  molecules  in  the  half 
domain: 

Nl 

NE=2(NEJ+NExJ).  (9) 

1=1 


[adsorbed  state]  Nen,  =  NE„,+ , ;  Nan,  =  Na>Nl+  , ; 

Np,x,  —  NP  Nl+i 


[bulk  state]  Ne^^Nl  —  N e°°,nl+  i  > 

H.A  ,  ,V/  '  I  »  NpnO'NL 


(6) 


=  N, 


Pco.Nl+  1  • 


For  a  thermosetting  system  with  fiber  sizing  thickness  of  Ns 
molecular  layers,  the  initial  conditions  associated  with  the 
species  rate  equations  are:  1)  the  number  of  molecules  for 
each  species  in  the  adsorbed  state  and  the  number  of  product 
in  the  bulk  state  are  zero;  2)  within  the  epoxy  sizing  layer, 
the  number  of  epoxy  is  a  constant,  NEA,  while  the  number 
of  amine  is  zero;  and  3)  beyond  the  sizing  layer,  the  num¬ 
bers  of  epoxy  and  amine  species  are  constants,  NE0  and 
Na  q,  respectively.  The  mathematical  expressions  for  the 
initial  conditions  may  be  written  as: 

Nej  =  NAj  =  NPj  =  NP'„  =0;  (i  =  1 ,  2,  •  •  -,  NL) 
Ne«j  =  NEy,  Na*j  =  0;  (i  =  1,  2,  •  •  -,  Ns)  (7) 
Ne.j  =  Ne, 0;  NAxJ  =  Nm;  (i  =  Ns  +  1,  •  •  •,  NJ. 


For  a  given  temperature  history,  the  microscale  cure  kinetics 
model  (Eqs.  4-6)  may  be  used  to  predict  the  evolution  of 
the  concentration  profiles  (e.g.,  NE  i,  NAj)  with  time  near  a 
fiber  surface.  Note  that  the  microscale  cure  kinetics  model 
and  the  macroscale  thermal  model  ( Eq .  1 )  exhibit  a  two-way 
coupling  via  1)  the  temperature  dependence  of  the  rate 
terms  (e.g.,  RaE),  and  2)  the  relationship  between  the  bulk 
reaction  rate  de/dt  in  Eq.  1  and  the  microscale  rates  of 
change  of  species  (e.g.,  dNEi/dt).  The  next  subsection 
establishes  the  linkage  between  the  micro/macroscale  mod¬ 
els  presented  above. 


Multiscale  Thermochemical  Model 

The  kinetics  model  discussed  in  the  previous  subsection 
paves  the  way  for  the  assembling  of  the  multiscale  thermo¬ 
chemical  model,  which  involves  the  determination  of  the 
term  de/dt  in  Eq.  1  from  the  microscale  species  rate  equa¬ 
tions.  The  degree  of  cure,  e,  is  defined  as: 


Ne.0  ~  Ne 


N , 


£.0 


(8) 


where  NE0  is  the  initial  number  of  epoxy  molecules  in  the 
half  domain  between  two  fiber  surfaces  (Fig.  3),  and  NE  is 


Differentiating  Eqs.  8  and  9  with  respect  to  time  yields: 

de_  1  dNp=  1  ^IdNtjdNe.  A 

dt  Neo  dt  NEfi  £  \  dt  dt  )  (10) 

where  the  rates  of  change,  dNE  ildt  and  dNEo. Jdt,  are 
given  by  Eqs.  4  and  5,  respectively.  The  energy  equation, 
Eq.  1,  for  the  macroscale  composite  domain  in  Fig.  1  and 
the  reaction  rate  equation,  Eq.  10,  for  the  microscale  model 
domain  in  Fig.  3  together  constitute  a  multiscale  thermo- 
chemical  model.  Note  that  Eqs.  1  and  10  are  coupled 
through  the  temperature  dependence  of  the  rate  terms  in 
Eqs.  4  and  5. 

The  governing  equations,  Eqs.  1,  10,  and  the  rate  equa¬ 
tions  of  the  cure  kinetics  model,  along  with  the  initial  and 
boundary  conditions  in  Eqs.  2,  3,  6,  and  7,  were  solved 
numerically  using  an  implicit  finite-difference  scheme  with 
a  control  volume  formulation  [17].  The  mesh  for  the  mac¬ 
roscopic  composite  domain  contained  64  numerical  grids 
along  the  x-direction,  and  the  time  step  At  was  determined 
such  that  the  mesh  Fourier  number  kAt/pcpAx 2  is  less  than 
unity.  Depending  on  the  fiber  volume  fraction,  each  com¬ 
putational  grid  may  consist  of  a  large  number  of  fiber 
surfaces  with  the  adsorption-desorption-diffusion-reaction 
processes  such  as  that  illustrated  in  Fig.  3  occurring  near 
each  surface.  All  the  fibers  within  a  computational  grid 
experience  the  same  temperature  history,  and,  hence,  the 
same  concentration  profile  evolution  history.  Within  each 
time  step,  the  temperature  field  obtained  from  Eq.  1  is  used 
to  calculate  the  cure  reaction  rate  de/dt  in  Eq.  10,  which  in 
turn  is  substituted  into  Eq.  1  to  update  the  temperature  field; 
and  the  procedure  is  performed  until  the  temperature  field  is 
converged.  Note  that  the  calculation  of  de/dt  in  Eq.  10 
involves  the  evaluation  of  the  microscale  rate  of  change  of 
species  (e.g.,  dNE  i/dt),  which  are  determined  by  the  mi¬ 
croscale  cure  kinetics  model,  Eqs.  4-6.  The  rate  equations 
in  the  microscale  kinetics  model  were  solved  using  a  fourth- 
order  Runge-Kutta  method  [12].  The  stopping  criterion  for 
the  numerical  simulation  is  that  all  the  sections  of  the 
composite  are  completely  cured,  which  corresponds  to  e 
=  0.95. 


Interphase-Composite-Property  Relationship 

The  concentration  profiles  predicted  by  the  multiscale 
thermochemical  model  are  used  to  determine  the  interphase 
and  composite  material  properties,  following  the  steps  in  a 
micromechanical  model  reported  by  Yang  and  Pitchumani 
[16].  First,  concentration  profiles  are  mapped  to  modulus 
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FIG.  4.  Measured  Youngs  modulus  (at  T  =  30°)  as  a  function  of  amine 
concentration  for  a  DGEBA/PACM20  system. 


profiles  using  available  experimental  data.  Figure  4  presents 
the  experimental  data  on  matrix  modulus  as  a  function  of 
the  parameter  X  =  pph  —  1/pph  for  the  DGEBA/PACM20 
system  at  30°C  as  reported  by  VanLandingham  et  al.  [20], 
Note  that  pph  is  the  parts  per  hundred  concentration  defined 
as  the  weight  percentage  of  PACM20  to  DGEBA  in  the 
mixture,  and  ranges  from  0  (denoting  pure  DGEBA)  to 
infinity  (denoting  pure  PACM20).  Two  peaks  in  the  mod¬ 
ulus  variation  are  observed:  one  around  1 8  pph  PACM20 
with  a  value  of  3.2  GPa,  and  the  other  between  48  and  56 
pph  PACM20  having  a  value  of  2.4  GPa.  A  twin  peak 
function  was  derived  to  fit  the  data  as  follows  [16]: 

1 

E  ~  (X  -  19.57)7214.42  +  0.42 

1 

+  (X  -  50.59)2/803.09  +  0.47  ’  (U) 

Equation  11,  which  has  an  asymptotic  value  of  0  as  pph 
approaches  0  and  infinity,  is  used  in  this  study  to  map  the 
concentration  profiles,  NEi  and  NAj,  to  modulus  profile. 
Note  that  the  concentration  in  terms  of  the  number  of 
molecules  (e.g.,  NEi)  may  be  converted  to  the  pph  concen¬ 
tration  as: 


pph  =  100 


(M m  +  +  n\  ■Npa)Ma 

(N E  i  +  N £„  ,  +  Hi '  NPi)ME 


02) 


where  ME  and  M A  are  the  molecular  weight  of  epoxy  and 
amine  molecules,  respectively. 

Since  the  interphase  region  is  typically  thin  (around 
10-500  nm),  the  micromechanical  model  considers  only  a 
single  uniform  interphase  layer  with  thickness,  8,-,  and  ef¬ 
fective  modulus,  Ef.  An  “interphase  thickness”  may  be 
defined  as  that  distance  from  the  fiber  surface  where  the 
amine  concentration  is  within  1%  of  the  amine  concentra¬ 


tion  in  the  far  region  layers.  The  modulus  profile  within  the 
interphase  thickness  is  averaged  to  determine  the  effective 
interphase  modulus  [16].  The  transverse  composite  modu¬ 
lus,  E2,  is  determined  by  a  finite  element  analysis  using  8, 
and  Ej  as  inputs,  and  by  considering  representative  volume 
elements  with  a  staggered  array  configuration  of  fibers.  The 
readers  are  referred  to  Ref.  16  for  the  details  of  the  micro¬ 
mechanical  analysis. 

RESULTS  AND  DISCUSSION 

The  thermochemical  model  developed  in  the  previous 
section  is  used  to  calculate  the  molar  concentration  of  the 
resin  components  as  a  function  of  the  molecular  layers  at 
different  locations  in  the  composite  for  various  cure  cycles. 
The  model  was  correlated  to  experimental  data  on  the 
interphase  concentration  profiles  or  moduli  to  determine  the 
parameters  of  the  model  [12,  21].  Good  agreement  between 
the  model  and  experimental  data  was  observed  in  Refs.  12 
and  21,  which  demonstrated  the  ability  of  the  model  to 
reflect  the  physical  trends.  With  this  preliminary  validation 
of  the  model  as  basis,  parametric  studies  are  conducted  in 
this  section  to  illustrate  the  effects  of  different  interphase 
formation  and  cure  cycle  parameters  on  the  interphase  and 
composite  properties.  A  nondimensional  form  of  the  gov¬ 
erning  thermochemical  equation  ( Eg .  1 )  and  the  associated 
boundary  and  initial  conditions  is  obtained  by  introducing 
the  dimensionless  temperature,  location,  and  time  as:  0 
=  (T  -  Wo,  x’  =  x/L,  /'  =  kdEexp(-EdE/RT0)t , 
where  T0  is  a  reference  temperature;  while  the  dimension¬ 
less  form  of  the  reaction  rate  equation,  Eq.  10,  and  its  initial 
conditions  is  derived  by  introducing  the  dimensionless  time 
t’  and  dividing  all  the  number  of  molecules  (e.g.,  NEi,  NA  i) 
by  the  initial  number  of  epoxy  molecules  in  the  layer  next  to 
the  middle  plane  NE  Q  (e.g.,  NEi  =  NEi/NE0). 

The  principal  dimensionless  groups  that  govern  the  in¬ 
terphase  concentration  evolution  at  various  locations  in  a 
composite  are  identified  as  follows:  1)  the  adiabatic  reaction 
temperature  0ad  =  A//rCE0(  1  —  Vj)/pcpT0\  2)  dimension¬ 
less  epoxy  adsorption  energy,  E'a  E  =  Ea  E/RT0\  3)  dimen¬ 
sionless  epoxy  desorption  energy,  E'd  E  =  EdE!RT0\  4) 
epoxy  adsorption  ratio  aE  =  ka  Ee~<^‘F~EjE)l^T°/kdE;  5) 
mutual  diffusion  ratio  cf>EA  =  E>ea(T0,  e0)eEdelf<T'Jl 
AL2krf  £;  6)  dimensionless  amine  adsorption  energy,  E’a  A 
=  Ea  a/RT0-,  7)  dimensionless  amine  desorption  energy, 
Ed  A  -  Ed  A/RTn;  8)  amine  desorption  ratio  flE 
=  kd  Ae~lEj  A~E'lc)IRTo/kd  E;  9)  amine  adsorption  ratio 
=  ka,Ae~{E“  A~ EdE)IR T°/ kdE,  and  10)  desorption  Damkohler 
number  y  —  kreElE'RT°lkd  E.  In  this  study,  the  number  of 
molecular  layers  in  the  model  domain  is  kept  fixed  at  NL 
=  200,  the  reference  temperature  is  kept  at  T0  =  80°C,  the 
half  thickness  of  the  laminate  L  =  0.00635  m,  the  fiber 
volume  fraction  v,  =  0.5,  the  tooling  thickness  LT 
=  0.00318  m,  the  number  of  sizing  layers  Ns  —  5,  N'E0 
=  N'a  0  =  1,  N’o  =  2  (N'0  =  N0/NE  0,  where  N0  is  the 
number  of  adsorption  sites  at  the  fiber  surface),  the  adsorp¬ 
tion  and  desorption  activation  energies  are  E'a  E  =  E'u  A 
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FIG.  5.  Interphase  concentration  and  modulus  profiles  predicted  from  the  multiscale  thermochemical  model  at 
various  locations  in  the  composite:  (a)  concentration  profiles  at  x/L  =  0.0;  (b)  modulus  profiles  at  x/L  =  0.0; 
(c)  concentration  profiles  at  x!L  =  0.5;  (d)  modulus  profiles  at  xlL  =  0.5;  (e)  concentration  profiles  at  x/L 
—  1 .0;  and  (f)  modulus  profiles  at  x/L  =  1 .0.  The  results  correspond  to  the  parameter  combination  of:  aE 
=  0.01,  a,,  =  1.0,  pA  =  0.1,  <f>EA  =  0.1,  eaJ  =  0.072,  y  =  0.0044,  0,  =  0.25,  and  t'r  =  80. 


=  3.39,  E'd  E  =  E’d  A  -  6.78,  and  the  physical  size  of  the 
molecular  layer  AL  =  1  nm.  Furthermore,  the  cure  cycles 
begin  with  a  linear  ramp  from  0,  =  -0.33  to  6f  within  a 
ramp  time  t'r,  followed  by  a  hold  stage  with  a  constant 
temperature  Of.  The  effects  of  the  processing  parameters  on 
the  interphase  composition  and  properties  (i.e.,  interphase 
thickness  8,  and  interphase  modulus  E,)  and  the  composite 


property  (transverse  modulus  E2)  are  described  in  the  fol¬ 
lowing  subsections. 

Interphase  Concentration  and  Properties 

Figure  5a,  b  presents  the  amine  concentration  distribu¬ 
tions  in  pph  and  modulus  within  a  microscopic  representa- 
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tive  volume  element  (shown  in  Fig.  2)  at  different  nondi- 
mensional  times  during  the  cure  process.  The  location  of  the 
RVE  is  at  the  center  line  of  the  composite,  i.e.,  x/L  —  0.0. 
The  results  correspond  to  the  parameter  combination  of:  aE 
=  0.01,  -  1.0,  ft,  =  0.1,  4>EA  =  6-0,  6ad  =  0.072, 

y  =  0.01 ,  Of  —  0.25,  and  t'r  =  80.  The  amine  desorption 
ratio,  aA,  is  chosen  to  be  larger  than  the  epoxy  adsorption 
ratio,  aE,  indicating  a  preferential  adsorption  of  the  amine 
molecules  onto  the  fiber  surface. 

In  Fig.  5a,  the  PACM20  concentration  profile  at  an  early 
time  /'  =  0. 1 1  is  close  to  a  step  function,  which  represents 
an  epoxy  sizing  layer  on  the  fiber  surface.  The  amine 
concentration  is  zero  within  the  sizing  layer  ( Ns  =  5),  and 
equals  28  in  the  bulk  matrix  at  the  far  region.  Due  to  the 
diffusion  and  adsorption  processes,  amine  molecules  mi¬ 
grate  in  the  direction  toward  the  surface.  Consequently,  the 
pph  concentration  increases  with  time  in  the  original  sizing 
region.  At  t'  —  54.00,  the  strong  adsorption  of  amine 
molecules  from  the  vicinity  of  the  fiber  onto  the  fiber 
surface  leads  to  a  minimum  in  the  amine  concentration 
profile  in  the  neighborhood  of  the  fiber  surface.  Since  the 
parameter  combination  in  this  case  pertains  to  a  preferential 
adsorption  of  amine  molecules,  the  surface  concentration 
pph  =  116.58  is  well  above  the  bulk  value  of  28  at  the 
gelation  time  t'  =  1 16.83,  and  a  relatively  deep  minimum 
is  also  observed  at  the  seventh  molecular  layer.  Recalling 
that  the  mass  transfer  through  the  adsorption,  desorption, 
and  diffusion  processes  is  dramatically  slowed  when  the 
reacting  resin  system  reaches  the  gelation  point,  the  final 
concentration  profiles  can  be  approximated  by  the  profiles  at 
the  gelation  point. 

Prediction  of  the  composite  properties  such  as  transverse 
moduli  needs  the  information  of  interphase  modulus;  there¬ 
fore,  the  concentration  profiles  in  Fig.  5a  are  mapped  to 
modulus  profiles  in  Fig.  5b  by  using  Eq.  11.  Similar  to  the 
corresponding  concentration  profile,  the  modulus  profile  at 
/'  =  0. 1 1  in  Fig.  5b  exhibits  a  near  step  variation — the 
modulus  is  zero  for  pure  epoxy  within  the  sizing  layer,  and 
equals  2.24  GPa  for  the  bulk  matrix.  Equation  11  suggests 
that  the  matrix  modulus  has  a  peak  value  of  3.00  GPa  at  pph 
=  20.  At  t'  =  10.80,  the  amine  concentration  reaches  pph 
=  20  at  the  (7)th  molecular  layer,  which  is  the  location  of 
the  corresponding  maximum  in  Fig.  5b.  A  peak  for  the 
modulus  profile  at  t'  —  54.00  is  also  observed  at  the  (10)th 
molecular  layer.  It  is  interesting  to  note  that  the  modulus 
profile  at  the  gelation  time  t'  —  116.83  has  two  peaks, 
since  the  corresponding  concentration  profile  reaches  pph 
=  20  twice  at  the  (4)th  and  (19)th  molecular  layer,  respec¬ 
tively.  The  final  twin-peak  modulus  profile  predicted  by  the 
current  model  deviates  from  the  monotonic  interphase  mod¬ 
ulus  profiles  assumed  in  the  literature  (e.g.,  Ref.  22],  and 
may  have  significant  influence  on  the  overall  composite 
properties. 

Figure  5c-f  shows  the  concentration  and  modulus  evo¬ 
lution  at  two  other  locations  in  the  composite,  i.e.,  the 
middle  location  between  the  laminate  center  line  and  sur¬ 
face,  x/L  =  0.5,  and  the  laminate  outer  surface  x/L  =  1.0; 


all  the  parameters  retain  the  values  as  in  Fig.  5a.  For  the 
parameter  combination  considered,  resin  materials  at  a 
larger  x-value  experience  higher  temperatures.  Conse¬ 
quently,  the  gelation  time  decreases  from  t'  =  116.83  at 
the  center  line  to  t'  =  103.72  at  the  middle  point  (Fig.  5c, 
d).  The  concentration  evolution  in  Fig.  5c  follows  a  similar 
trend  in  Fig.  5a,  however,  significant  changes  are  observed 
for  the  final  pph  profiles.  Due  to  enhanced  preferential 
adsorption  of  amine  at  higher  temperatures,  the  final  pph 
value  at  the  fiber  surface  increases  to  163.15  in  Fig.  5c  from 
a  value  of  1 16.58  in  Fig.  5a.  It  is  also  noted  that  the  nonzero 
amine  concentration  gradient  zone  in  Fig.  5c  is  extended, 
leading  to  a  thicker  interphase  region  than  that  in  Fig.  5a. 
Similarly,  the  modulus  profiles  shown  in  Fig.  5d  are  close  to 
those  in  Fig.  5b  except  at  the  gelation  times.  The  final 
modulus  at  the  fiber  surface  decreases  to  0.072  GPa  in  Fig. 
5d  from  0.192  GPa  in  Fig.  5b,  and  larger  final  interphase 
thickness  is  seen  again  in  Fig.  5d. 

At  the  outer  surface  x/L  =  1.0,  the  effects  of  higher 
temperatures  are  significantly  pronounced.  Figure  5e  shows 
that  the  preferential  adsorption  of  amine  leads  to  a  surface 
pph  value  of  130.00  at  t'  =  54.00,  and  the  final  surface 
concentration  (pph  =  354.55)  is  more  than  three  times  the 
value  at  the  center  line.  The  concentration  curve  at  t'  = 
54.00  also  shows  a  minimum,  which  is  not  seen  for  the 
corresponding  profiles  in  Fig.  5a  and  c.  Consequently,  two 
modulus  profiles  in  Fig.  5f  show  twin  peaks,  i.e.,  t'  = 
54.00  and  t'  =  66.33.  The  final  modulus  at  the  fiber 
surface  drops  to  0.010  GPa,  and  a  very  large  interphase 
thickness  is  observed  in  Fig.  5f.  Figure  5a-f  demonstrates 
that  both  the  final  concentration  and  modulus  profiles  are 
dramatically  different  at  various  locations  of  the  composite. 
Particularly,  when  the  location  approaches  the  outer  surface, 
thicker  interphase  with  higher  amine  concentration  and 
lower  modulus  is  obtained.  Different  temperature  histories 
experienced  by  the  resin  materials  at  different  locations  is 
responsible  for  the  concentration  and  modulus  variations, 
which  suggests  that  desirable  composite  properties  may  be 
achieved  via  an  optimization  of  the  cure  cycles. 

The  results  in  Fig.  5  pertain  to  one  combination  of  the 
interphase  formation  and  cure  cycle  parameters.  A  sys¬ 
tematic  parametric  study  is  presented  in  the  following 
discussion  to  illustrate  the  influence  of  the  different  pa¬ 
rameters  on  the  interphase  and  composite  properties. 
Figure  6a  shows  the  final  (or  gelation)  concentration 
profiles  at  the  center  line  location  for  three  values  of  the 
epoxy  adsorption  ratio,  aE,  all  other  parameters  retain 
their  values  as  in  Fig.  5.  The  modulus  profiles  and  the 
concentration  profiles  before  the  gelation  time  are  omit¬ 
ted  for  the  purpose  of  brevity  since  the  interphase  and 
overall  composite  properties  are  readily  derived  from  the 
final  concentration  profiles.  For  the  two  cases  of  small 
epoxy  adsorption  ratios  (i.e.,  aE  =  0.001  and  0.1),  the 
fiber  surface  exhibits  preferential  adsorption  of  the  amine 
molecules,  and  relatively  large  pph  values  on  the  fiber 
surface  are  observed.  The  strong  adsorption  of  amine  also 
results  in  the  minima  near  the  fiber  surface,  which  was 
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FIG.  6.  The  final  interphase  concentration  profiles  for  three  values  of  aE 
at  the  locations  (a)  x/L  =  0.0,  (b)  x/L  =  0.5,  and  (c)  x/L  =  1.0.  The 
default  values  of  the  parameters  are:  aA  =  1.0,  fiA  =  0.1,  <f>EA  =  0.1, 
6ad  =  0.072,  7  =  0.0044,  8f  =  0.25,  and  t'r  =  80. 

previously  observed  in  Fig.  5a.  As  aE  increases  from 
0.001  to  0.1,  the  surface  pph  value  decreases  from  121.26 
to  78.29  since  more  epoxy  molecules  are  adsorbed  on  the  fiber 
surface.  When  aE  =  1.0,  the  majority  of  the  molecules  ad¬ 
sorbed  on  the  surface  are  epoxy  from  the  sizing  layer,  forming 
an  epoxy-rich  interphase  with  low  pph  concentration.  The 


interphase  thickness  increases  with  the  increase  in  aE,  since 
more  epoxy  molecules  are  adsorbed  into  the  interphase  region. 

Figure  6b  and  c  presents  the  effects  of  the  epoxy  adsorption 
ratio,  aE,  on  the  final  concentration  profiles  at  two  other  loca¬ 
tions  in  the  composite.  The  trends  in  Fig.  6b  and  c  follow  those 
in  Fig.  6a,  i.e.,  with  increasing  aE,  the  pph  concentration  at  the 
surface  decreases  while  the  interphase  thickness  increases.  The 
notable  distinction  is  once  again  the  significant  increase  in 
surface  pph  value  for  the  outer  locations  due  to  higher  tem¬ 
perature  effects.  In  general,  the  results  in  Fig.  6  suggest  that  the 
interphase  material  transitions  from  being  amine  rich  to  being 
epoxy  rich  as  aE  increases,  and  the  final  gelation  profiles  may 
show  large  variations  from  one  location  to  another  in  the 
composite  domain. 

A  significant  objective — and  contribution — of  current 
work  is  the  establishment  of  the  direct  linkage  for  the  first 
time  between  cure  cycles  and  the  interphase/composite 
properties.  In  Fig.  7,  the  influence  of  the  cure  cycle  ramp 
time,  t'r,  on  the  final  composition  profile  is  demonstrated;  all 
other  parameters  retain  the  values  in  Fig.  5.  The  decrease  in 
cure  cycle  ramp  time  has  the  same  effect  as  an  increase  of 
the  cure  temperature.  For  the  parameter  combinations  con¬ 
sidered  in  this  study,  increased  temperature  leads  to  en¬ 
hanced  preferential  adsorption  of  the  amine  species.  Since 
the  parameter  combination  indicates  that  the  surface  has 
preferential  adsorption  of  amine,  each  curve  in  Fig.  7a  has 
a  minimum  near  the  fiber  surface,  as  previously  seen  in  Fig. 
5a.  When  t'r  decreases  from  160  to  20,  the  pph  value  on  the 
fiber  surface  increases  from  92.75  to  170.00,  and  the  inter¬ 
phase  thickness  also  increases  from  34  nm  to  44  nm  due  to 
more  active  adsorption  processes  (Fig.  7a). 

Interphases  richer  in  amine  are  developed  as  x/L  in¬ 
creases.  When  t'r  decreases  from  160  to  20,  the  pph  value  at 
the  surface  increases  from  110.21  to  249.23  at  the  middle 
point  xlL  =  0.5  (Fig.  7b),  and  from  191.89  to  514.84  at  the 
outer  surface  xlL  =  1 .0  (Fig.  7c).  The  uniformity  of  the 
composite  properties  may  be  represented  by  the  maximum 
difference  of  the  surface  pph  values  within  the  composite 
domain,  which  for  the  cases  studied  in  this  paper  is  the 
difference  between  the  pph  at  the  outer  surface  and  that  at 
the  center  line  location.  It  is  noted  that  the  maximum 
difference  of  the  surface  pph  value  within  the  composite 
increases  from  99.14  to  344.84  as  f'  decreases  from  160  to 
20.  The  numerical  results  in  Fig.  7  clearly  show  that  shorter 
cure  ramp  time  (equivalent  to  higher  cure  temperature) 
results  in  amine  rich  interphases,  which  may  correspond  to 
low  interphase  modulus.  Furthermore,  the  maximum  tem¬ 
perature  difference  in  the  composite  also  increases  at  higher 
cure  temperatures,  and  the  property  gradient  in  the  compos¬ 
ite  is  magnified.  Since  composites  with  high  modulus  and 
uniform  properties  are  typically  desirable,  the  above  results 
indicate  that  a  lower  limit  should  be  imposed  for  the  cure 
ramp  time.  However,  the  increase  in  cure  ramp  time  causes 
an  increase  in  processing  time  and  cost.  Consequently,  an 
optimal  cure  ramp  may  be  determined  to  simultaneously 
satisfy  the  material  property  requirements  and  processing 
cost  constraints. 
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FIG.  7.  The  final  interphase  concentration  profiles  for  three  values  of  t'r 
at  the  locations  (a)  xlL  =  0.0,  (b)  xlL  =  0.5,  and  (c)  x/L  =  1.0.  The 
default  values  of  the  parameters  are:  aE  =  0.01,  aA  =  1.0,  ft,  *  0.1, 
=  0.1,  ead  =  0.072,  y  =  0.0044,  and  0,  =  0.25, 


The  effects  of  the  interphase  formation  parameter,  aE, 
and  the  cure  cycle  parameter,  t'r,  on  the  final  interphase 
concentration  profiles  are  seen  in  Figs.  6  and  7,  respectively. 
In  Fig.  8,  the  influence  of  several  principal  interphase  for¬ 
mation  and  cure  cycle  parameters  on  the  interphase  proper¬ 
ties  are  illustrated.  Note  that  the  final  interphase  concentra¬ 


tion  profiles  used  in  Figs.  6  and  7  are  replaced  in  Fig.  8  by 
the  two  parameters,  interphase  thickness,  8„  and  interphase 
modulus,  Eh  which  are  a  concise  representation  of  the 
corresponding  concentration  profiles.  Figure  8a  presents  the 
interphase  thickness  as  a  function  of  epoxy  adsorption  ratio, 
aE,  at  three  locations  in  the  composite.  For  the  locations  x!L 
=  0.0  and  0.5,  8,  increases  monotonically  with  the  increase 
in  aE  since  more  epoxy  molecules  are  adsorbed  into  the 
interphase  region.  At  the  outer  surface  x/L  =  1.0,  a  rela¬ 
tively  large  value  of  8,  is  observed  as  aE  =  0.001,  which 
is  attributed  to  the  pronounced  adsorption  of  amine  mole¬ 
cules  (see  Fig.  6c),  and  the  additional  adsorption  of  epoxy 
molecules  does  not  have  significant  influence  on  8,  as  aE 
increases.  For  a  fixed  epoxy  adsorption  ratio,  8,  increases 
with  x/L  due  to  enhanced  adsorption  processes  at  the  higher 
temperatures  at  the  outer  locations. 

Figure  8b  shows  the  interphase  modulus  E,  as  a  function 
of  aE  at  different  values  of  x/L.  The  average  pph  value 
decreases  monotonically  with  increasing  aE,  which  indi¬ 
cates  that  an  E,  versus  aE  curve  should  follow  a  nonmono¬ 
tonic  trend  similar  to  that  of  the  fitting  curve  in  Fig.  4.  For 
the  location  x/L  =  0.0,  the  average  pph  in  the  interphase 
region  decreases  from  60  to  28  when  aE  =  increases  from 
0.001  to  0.1,  which  corresponds  to  the  initial  increase  of 
interphase  modulus  from  E,  =  1 .77  GPa  to  2.32  GPa. 
When  aE  increases  to  1.0  and  2.0,  the  average  pph  value 
decreases  to  12.8  and  12.0,  and  E,  is  seen  to  decrease  to  2.02 
GPa  and  1.86  GPa,  respectively.  Note  that  the  twin-peak 
shape  in  Fig.  4  is  not  exactly  duplicated  since  relatively 
small  number  of  aE  values  are  investigated;  however,  the 
range  of  a£  is  sufficiently  large  to  cover  a  comprehensive 
range  of  interphase  modulus  values.  At  the  other  two  loca¬ 
tions,  x/L  =  0.5  and  1.0,  it  is  also  seen  that  E,  reaches 
maxima  as  aE  increases.  As  aE  — »  all  the  curves  in  Fig. 
8b  are  expected  to  approach  zero  modulus  corresponding  to 
a  pure  epoxy  interphase.  It  is  observed  that  the  curve  at  x/L 
=  1.0  intersects  with  the  other  two  curves,  which  is  again 
caused  by  the  twin-peak  nature  of  the  experimental  modulus 
data.  The  interphase  modulus  at  the  outer  surface  may  be 
either  larger  (e.g.,  as  a  =  1.0)  or  smaller  (e.g.,  as  a  =  0.1) 
than  that  at  the  center  line  location. 

The  influences  of  reaction  Damkohler  number,  y,  and 
cure  cycle  hold  temperature,  fy,  on  the  interphase  thickness, 
8;,  and  interphase  modulus,  E„  are  illustrated  in  Fig.  8c-f. 
The  reaction  Damkohler  number  determines  the  speed  of 
the  cure  process.  As  y  increases,  less  time  is  available  for 
the  interphase  development,  and  the  thickness  decreases 
monotonically  at  each  location  of  the  composite  (Fig.  8c). 
Significant  drops  of  8,  are  observed  as  y  increases  firom 
0.0011  to  0.011  (e.g.,  from  170  nm  to  27  nm  at  the  outer 
surface).  When  y  =  0.0011,  the  interphase  regions  consist 
of  nearly  pure  amine  due  to  excessive  adsorption  of  the 
amine  species,  and  the  E,  is  close  to  zero  at  all  the  locations 
(Fig.  8d).  The  interphase  modulus  increases  with  increasing 
7  due  to  reduced  amine  adsorption.  Note  that  the  curve  at 
x/L  —  1 .0  crosses  the  other  two  curves,  which  may  be 
explained  by  similar  discussions  in  Fig.  8b. 
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FIG.  8.  Interphase  thickness  and  modulus  as  functions  of  the  interphase  formation  parameters  and  the  location 
in  the  composite:  (a)  8,  and  (b)  Ei  as  a  function  of  oE;  (c)  8,  and  (d)  E,  as  a  function  of  y;  and  (e)  8,  and  (f) 

£,  as  a  function  of  fy.  The  default  values  of  the  parameters  are:  aA  =  1.0 ,  fiA  —  0.1,  <f>f  A  =  0.1,  6ad  =  0.072, 
t'r  =  80;  (a,  b)  y  =  0.0044,  6f  =  0.25,  (c,  d)  aE  =  0.01,  =  0.25,  and  (e,  f)  y  =  0.0044,  aE  =  0.01. 


The  effects  of  the  cure  cycle  parameter  (i.e.,  Of)  on  the 
interphase  thickness  and  modulus  are  presented  in  Fig.  8e 
and  f,  where  all  the  interphase  formation  parameters  retain 
the  values  as  in  Fig.  5.  Note  that  Fig.  8e  and  f  represents  the 
first  time  that  the  cure  cycle  parameters  are  directly  related 
to  the  interphase  properties  in  a  predictive  manner.  Figure 
8e  shows  the  interphase  thickness  as  a  function  of  the  cure 
cycle  hold  temperature  at  three  locations  of  the  composite. 


The  interphase  thickness,  8„  increases  monotonically  with 
increasing  6f  for  a  fixed  x/L  and  with  increasing  x/L  for  a 
fixed  6p  owing  to  enhanced  adsorption  of  amine  molecules 
at  higher  temperatures.  A  large  increase  in  8,  from  48  nm  to 
80  nm  is  observed  at  the  outer  surface  location  as  Of  in¬ 
creases  from  0  to  0.5,  while  the  increases  in  8,  are  moderate 
at  the  other  two  locations.  The  interphase  modulus  de¬ 
creases  with  Of  at  a  fixed  location  due  to  more  adsorption  of 


204  POLYMER  COMPOSITES— 2005 


amine  molecules  into  amine  rich  interphase  regions  (Fig. 
8f).  For  the  parameter  combination,  the  maximum  inter¬ 
phase  modulus  at  the  outer  surface  location  equals  to  0.98 
GPa  as  Of  =  0,  which  is  only  44%  of  the  bulk  matrix 
modulus.  Thus,  a  lower  cure  cycle  hold  temperature  {Of 
<  0)  is  needed  to  improve  the  modulus  at  the  outer  surface 
location.  A  large  difference  of  modulus  is  observed  at 
different  locations  due  to  the  cure  temperature  gradient  in 
the  composite.  It  is,  therefore,  desirable  to  adopt  uniform 
temperature  through  the  thickness  of  the  composite  laminate 
during  the  cure  process,  which  may  be  achieved  via  cure 
cycle  optimization  [18]  or  via  an  embedded  resistive  heating 
configuration,  where  the  inner  locations  are  subjected  to  a 
heat  source  that  allows  them  to  cure  in  synchronization  with 
the  outer  locations  [17,  19]. 


Composite  Transverse  Modulus 

The  results  presented  so  far  pertain  to  the  interphase 
properties,  i.e.,  the  effective  interphase  modulus,  Et,  and  the 
interphase  thickness,  8f.  To  complete  the  processing-inter- 
phase-property  relationship,  the  interphase  properties  are 
used  as  inputs  in  this  section  to  a  finite  element  analysis  as 
reported  in  a  previous  publication  to  predict  the  effective 
composite  properties  [16].  The  heterogeneous  composite  is 
modeled  by  a  representative  volume  element  (RVE)  with  a 
staggered  array  configuration  of  fibers.  The  array  angle, 
fiber  volume  fraction,  and  fiber  modulus  are  chosen  to  be 
45°,  50%,  and  223  GPa,  respectively.  Relevant  numerical 
results  are  presented  for  the  first  lime  where  the  composite 
transverse  modulus,  E2,  is  directly  linked  to  the  interphase 
formation  and  cure  cycle  parameters  without  assumed  struc¬ 
tures  or  properties  of  the  interphase. 

Figure  9a  shows  the  composite  transverse  Youngs  mod¬ 
ulus,  E2,  as  a  function  of  epoxy  adsorption  ratio,  aE,  at 
different  locations  in  the  composite.  The  results  correspond 
to  the  same  parameter  combination  as  in  Fig.  8b.  Evidently, 
both  the  interphase  thickness  and  interphase  modulus  are 
important  factors  influencing  the  composite  transverse  mod¬ 
ulus,  E2,  of  a  fiber/interphase/matrix  system.  Current  cal¬ 
culations  reveal  that  extremely  thin  interphases,  with  thick¬ 
ness  between  30  nm  and  170  nm,  are  present  in  the 
composite.  The  composite  transverse  modulus  does  not 
show  distinctive  changes  for  the  thickness  variation  in  this 
small  range,  and  E2  is  only  strongly  influenced  by  the 
interphase  modulus  Er  Consequently,  Fig.  9a  has  the  same 
pattern  as  Fig.  8b,  and  the  similarity  of  the  results  between 
E2  and  Ej  is  observed  throughout  the  parametric  studies.  For 
the  case  x!L  =  0.0,  as  aF  increases  from  0.001  to  2,  E2 
increases  slightly  from  5.52  GPa  to  5.62  GPa,  and  then 
drops  down  to  5.54  GPa  (Fig.  9a),  which  corresponds  the 
variation  of  E,  from  1 .77  GPa  to  2.32  GPa  and  to  1 .86  GPa. 
It  is  noted  that  a  24%  decrease  of  £,  from  the  bulk  matrix 
modulus  (2.32  GPa)  causes  only  a  1.8%  decrease  of  the 
composite  modulus,  which  is  attributed  to  the  small  fraction 
of  the  interphase  in  the  matrix.  Significant  decrease  of  E2  is 
observed  only  at  the  outer  surface  location  when  aE  <  0.1, 


FIG.  9.  Composite  transverse  modulus  as  a  function  of  (a)  aE,  (b)  aA, 
and  (c)  PA.  The  default  values  of  the  parameters  are:  <t>£A  =  0.1,  0ad 
=  0.072,  7  =  0.0044,  0f  =  0.25,  =  80;  (a)  aA  =  1.0,  /3„  =  0.1, 

(b)  PA  =  0.1,  aE  =  0.01,  and  (c)  aA  =  1.0,  aE  =  0.01. 


which  correspond  to  amine  rich  interphases  with  E,  <  0.52 
GPa. 

The  effects  of  amine  adsorption  ratio,  aA,  and  amine 
desorption  ratio,  jB*,  on  the  composite  transverse  modulus 
are  illustrated  in  Fig.  9b  and  c,  respectively.  At  the  center 
line  and  at  x/L  =  0.5,  E2  has  a  limited  variation  between 
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5.60  to  5.44  GPa  in  Fig.  9b,  which  corresponds  to  the 
change  of  £,  between  2.29  and  1.19  GPa.  At  the  outer 
surface,  x/L  =  1.0,  a  large  decrease  in  E2  is  seen  with 
increasing  aA,  owing  to  enhanced  adsorption  of  amine  and 
the  resulting  amine  rich  interphase.  In  Fig.  9c,  the  composite 
modulus  increases  with  increasing  fiA  for  a  fixed  x/L,  and 
with  decreasing  x!L  for  a  fixed  flA,  due  to  increased  desorp¬ 
tion  of  amine  species  from  an  amine  rich  interphase.  When 
PA  >  1 .0,  the  composite  modulus  has  a  uniform  distribu¬ 
tion  within  the  composite  domain. 

Figure  1 0  follows  the  presentation  format  of  Fig.  9  to 
show  the  effects  of  the  mutual  diffusion  ratio  <f>EA  (Fig. 
10a),  the  adsorption  Damkohler  number  y  (Fig.  10b),  and 
the  adiabatic  reaction  temperature  0ad  (Fig.  10c)  on  the 
composite  transverse  modulus.  The  composite  transverse 
modulus,  E2,  decreases  with  increasing  <f>EA  for  a  fixed  x/L, 
and  with  increasing  x/L  for  a  fixed  <f>EA,  owing  to  the 
enhanced  adsorption  of  amine  into  amine  rich  interphases 
(Fig.  10a).  Extremely  low  E2  (<1.0  GPa)  is  obtained 
throughout  the  composite  domain  when  (f>EA  =  1 .0. 

The  composite  transverse  modulus  increases  monotoni- 
cally  with  increasing  y  at  each  location  x/L  since  fewer 
amine  molecules  are  adsorbed  into  the  interphase  region 
(Fig.  10b).  The  distribution  of  E2  in  the  composite  domain 
is  quite  uniform  for  both  fast  y  =  0.011  and  slow  y 
=  0.001 1  reactions.  However,  a  composite  with  very  low 
E2  (<0.6  GPa)  is  obtained  when  y  =  0.0011,  while  a 
composite  with  high  modulus,  E2  =  5.6  GPa,  is  achieved 
for  y  =  0.011.  Since  different  values  of  7  correspond  to 
different  material  systems,  the  results  in  Fig.  10b  demon¬ 
strate  the  capability  of  tailoring  the  interphase  and  compos¬ 
ite  properties  via  appropriate  material  selection.  For  the 
locations  x/L  =  0.0  and  0.5,  E2  decreases  monotonically 
with  increasing  Qud  due  to  enhanced  adsorption  of  amine 
species  (Fig.  10c).  At  the  outer  surface  location,  E2  remains 
constant  with  respect  to  0ad,  owing  to  negligible  variation  in 
the  interphase  modulus  £,. 

The  effects  of  the  cure  cycle  parameters,  t'r  and  9f,  on  the 
effective  composite  modulus  are  presented  in  Fig.  11a  and 
b,  respectively.  The  results  provide  the  direct  linkage  be¬ 
tween  the  cure  cycle  and  composite  properties  for  the  first 
time  and  demonstrate  the  feasibility  of  tailoring  the  com¬ 
posite  property  via  cure  cycle  selection.  In  Fig.  11a,  E2 
increases  monotonically  with  increasing  t'r  at  all  the  loca¬ 
tions,  owing  to  increasing  interphase  modulus.  For  the  case 
t'r  —  20,  the  composite  transverse  modulus  (E2  =  4.4  GPa) 
is  relatively  small  at  the  outer  surface  location;  however, 
when  t'r  is  increased  to  160,  a  composite  with  uniform 
transverse  modulus  (about  5.5  GPa)  across  the  thickness  is 
obtained.  Figure  lib  shows  that  the  composite  transverse 
modulus  decreases  monotonically  with  increasing  Qf,  which 
is  in  agreement  with  the  trend  in  Fig.  8f.  For  the  two 
locations,  x/L  =  0.0  and  0.5,  E2  has  limited  variation  from 
5.56  GPa  to  5.42  GPa,  while  a  significant  drop  to  4.44  GPa 
is  observed  at  the  outer  surface,  x/L  —  1 .0. 

An  important  composite  property,  transverse  Youngs 
modulus  E2,  was  presented  in  this  section  as  a  function  of 


Mutual  Diffusion  Ratio,  d> 

EA 


Adsorption  Damkohler  Number,  7 


Adiabatic  Reaction  Temperature,  6^ 


FIG.  10.  Composite  transverse  modulus  as  a  function  of  (a)  4>EA,  (b)  7, 
and  (c)  0aJ.  The  default  values  of  the  parameters  are:  aE  =  0.01.  aA 
=  1.0,  =  0.1,  ef=  0.25,  l'r  =  80;  (a)  dad  =  0.072,  7  =  0.0044, 

(b)  £tv,  =  0.1,  6ad  =  0.072,  and  (c)  <f>EA  =  0.1,  7  =  0.0044. 

cure  cycle  and  interphase  formation  parameters.  Similarly, 
other  composite  properties  such  as  transverse  shear  modulus 
and  stress  concentration  factors  may  be  obtained  for  a  more 
comprehensive  analysis.  The  approach  presented  in  this 
article  establishes  the  processing-interphase-property  rela¬ 
tionship  without  any  assumed  interphase  properties.  The 
study  focused  on  the  effect  of  the  cure  temperature  cycle  on 
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FIG.  1 1 .  Composite  transverse  modulus  as  a  function  of  (a)  l'r,  and  (b) 
The  default  values  of  the  parameters  are:  aE  =  0.01,  aA  =  1.0,  fiA 
=  0.1,  4>ea  =  0.1,  ead  =  0.072,  7  =  0.0044;  (a)  6f  =  0.25,  and  (b) 
l'r  =  80. 

the  interphase  formation.  Additionally,  the  cure  pressure 
cycle  may  also  influence  the  interphase  evolution  through 
its  effect  on  the  kinetic  parameters  as  well  as  by  changing 
the  fiber  volume  fraction  during  consolidation.  These  ef¬ 
fects  will  be  considered  in  a  future  study. 


or  decreasing  cure  cycle  ramp  time,  owing  to  softer  inter¬ 
phases  associated  with  resulting  higher  PACM20  concen¬ 
tration  in  these  cases.  Nonmonotonic  trends  of  the  inter¬ 
phase  and  composite  properties  are  observed  with  respect  to 
the  interphase  formation  parameters.  Due  to  the  twin-peak 
characteristic  of  the  interphase  concentration-modulus  map¬ 
ping,  the  change  of  E,  or  E2  with  respect  to  interphase 
formation  parameters  may  show  maximum  (e.g.,  in  Fig.  8). 
The  study  provides  for  the  linking  of  the  processing  param¬ 
eters  directly  to  the  composite  properties,  and  in  turn,  for 
designing  the  processing  parameters  to  obtain  tailored  in¬ 
terphase  and  composite  properties. 
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APPENDIX 

Rate  Equations  of  the  Microscale  Kinetics  Model 

The  mass  balance  for  the  species  in  the  “adsorbed”  state 
in  any  (i)th  molecular  layer; 

dNEi 

=  Ra  E(i  -1,0+  Ra,E(i,  0  +  Ra  eU  +1,0 

storage  adsorption,  «,,£(») 

-  RdAi  -  i,  0  -  RdA**  0  -  RiAl  +1,0 

N - ' 

desorption, 

-  3U0 

depletion  ( reaction ) 


CONCLUSIONS 

A  microscale  kinetics  model  of  interphase  formation  is 
coupled  with  the  macroscale  energy  equation  to  predict  the 
interphase  formation  at  various  locations  in  fiber  reinforced 
epoxy/amine  composites.  The  cure  cycle  parameters,  i.e., 
and  r',  and  the  interphase  formation  parameters  are  linked 
for  the  first  time  to  the  interphase  and  composite  properties. 
Parametric  studies  on  DGEBA/PACM20  thermosetting 
composites  reveal  that  the  interphase  thickness  and  modu¬ 
lus,  S,  and  Eh  and  the  overall  composite  modulus,  E2, 
exhibit  spatial  variation  across  the  thickness  of  the  compos¬ 
ites,  and  are  strongly  dependent  on  the  values  of  the  inter¬ 
phase  formation  and  the  cure  cycle  parameters.  For  the 
parameter  combinations  in  this  study,  the  composite  mod¬ 
ulus,  E2,  decreases  with  increasing  cure  cycle  temperature 


dNAJ 

dt 

storage 
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depletion  ( reaction ) 


=  kffEJ. 


The  mass  balance  for  the  species  in  the  “bulk”  state  in  any 
(i)th  molecular  layer: 
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Abstract 

During  thermosetting  polymer  composites  processing,  the  presence  of  the  reinforcing  fibers  significantly 
alters  the  cure  characteristics  via  several  microscale  processes,  forming  a  fiber/matrix  interphase  region  with 
different  chemical  and  physical  properties  from  the  bulk  resin.  The  interphase  composition  is  an  important 
parameter  that  determines  the  microstructure  and  properties  of  the  composite.  The  mechanisms  contributing  to 
the  interphase  development  during  processing  include  mass  transport  processes  of  adsorption,  desorption,  and 
diffusion  near  the  fiber  surface,  which  are  accompanied  by  simultaneous  cure  reaction  between  the  resin 
components.  A  model  is  developed  in  this  paper  to  describe  the  coupled  mass  transfer  and  reaction  processes 
leading  to  interphase  formation,  and  to  predict  the  evolution  of  the  interphase  concentration  with  time. 

1.  Introduction 

Fabrication  of  thermosetting-matrix  composites  is  based  on  a  critical  step  of  cure,  which  involves  applying 
predefined  temperature  cycle  to  a  fiber-resin  mixture.  The  elevated  temperatures  initiate  a  crosslinking  reaction, 
called  the  cure  reaction,  among  the  species  in  the  matrix.  The  presence  of  fibers  has  been  found  to  significantly 
influence  the  cure  reaction,  resulting  in  the  formation  of  a  third  phase  known  as  the  interphase  which  possesses 
properties  distinct  from  those  of  the  bulk  fiber  and  the  matrix.  The  structure  and  properties  of  the  interphase  are 
the  dominant  factors  governing  the  overall  composite  properties  and  performance  (Palmese,  1992). 

The  studies  in  the  literature  on  interphases  have  focused  primarily  on  the  experimental  determination  of  the 
influence  of  interphase  on  the  mechanical  behavior  of  the  composite  materials  (Subramanian  et  al.,  1996;  Rydin 
et  al.,  1997;  Drzal,  1986;  Madhukar  and  Drzal,  1991).  Fiber  surface  modifications  such  as  high  temperature 
treatment  and  sizing,  are  commonly  implemented  to  tailor  the  structure  of  the  interphase  regions  and  to 
investigate  their  effects  on  the  mechanical  and  other  properties  of  the  composite  materials.  Due  to  complexities 
of  the  molecular  level  mechanisms  that  occur  in  the  vicinity  of  the  fibers,  prediction  of  the  interphase  evolution 
as  a  function  of  processing  parameters  has  been  the  subject  of  little  attention.  A  handful  of  interphase 
mechanisms  have  been  proposed  by  Drzal  (1986).  In  this  paper,  focus  is  placed  on  the  process  of  preferential 
adsorption,  which  is  the  principal  mechanism  of  interphase  formation  for  a  given  surface  treatment  and  sizing 
layers,  etc.  A  kinetics  model  is  presented  to  describe  the  preferential  adsorption,  desorption,  diffusion  and 
reaction  processes  taking  place  simultaneously  during  the  cure  process.  Interphase  composition  profiles  are 
predicted  for  a  combination  of  the  reaction,  adsorption,  desorption,  and  diffusion  rates. 

2.  Interphase  Formation  Model 

Cure  of  thermosetting  resin  systems  is  characterized  by  the  reaction  between  prepolymer  (or  monomer) 
molecules  and  a  curing  agent  to  form  a  crosslinked  network  that  can  not  flow  upon  vitrification.  The  reinforcing 
fibers  alter  the  cure  characteristic  by  selective  adsorption  of  resin  components,  which  changes  the  concentration 
of  the  reacting  species  in  the  vicinity  of  the  fiber  surfaces.  The  goal  of  the  present  study  is  to  predict  the 
concentration  profiles  of  the  constituent  species  near  the  fiber  surface  by  considering  the  processes  that  occur  in 
the  cure  reaction.  A  graphite  fiber/epoxy-amine  thermosetting  system  is  considered  in  the  following  discussion; 
however,  the  model  development  and  results  are  applicable  to  a  general  two-component  thermosetting  system. 

The  geometry  considered  is  the  inter-fiber  space  in  a  composite  having  a  typical  staggered  fiber  arrangement 
[Figure  1(a)].  The  domain  in  the  model  development  is  idealized  as  the  region  between  two  identical  infinite 


Figure  1:  (a)  A  REPRESENTATIVE  FIBER  ARRANGEMENT  IN 
THE  COMPOSITE,  AND  ( b )  SCHEMATIC  OF  THE  DOMAIN 
BETWEEN  TWO  FIBER  SURFACES  CONSIDERED  IN  THE 
MODELING. 


Figure  2:  SCHEMATIC  OF  THE  ADSORPTION, 
DESORPTION,  AND  DIFFUSION  PROCESSES  IN  AN 
EPOXY-AMINE  SYSTEM 


planes  representing  the  fiber  surfaces  [Figure  1(b)],  which  may  be  justified  by  the  fact  that  the  interphase 
thickness  (typically  a  few  hundred  nanometers)  is  often  small  in  comparison  to  the  fiber  diameter  (typically 
around  6  microns).  The  fibers  are  considered  to  have  an  epoxy  sizing  layer  applied  to  their  surfaces.  The  sized 
fibers  are  exposed  to  an  epoxy-amine  resin  matrix,  and  the  epoxy  and  amine  species  begin  reacting  with  each 
other  at  /  =  0+ .  Accompanying  the  chemical  reaction,  epoxy  molecules  diffuse  away  from  the  sizing  layer 
adjacent  to  the  wall.  In  a  reverse  movement,  the  amine  molecules  diffuse  into  the  sizing  layer  due  to  the 
relatively  higher  amine  concentration  in  the  bulk  resin  region.  In  addition,  the  “force  field”  of  the  fiber  surfaces 
causes  the  epoxy  and  amine  molecules  to  migrate  in  the  direction  towards  the  surfaces,  a  process  referred  to  as 
adsorption.  Also  the  adsorbed  molecules  may  be  desorbed  to  the  bulk  resin  in  a  desorption  process.  All  the 
processes  mentioned  above  take  place  simultaneously,  resulting  in  a  continuously  evolving  concentration  profile 
that  is  “frozen”  in  space  upon  gelation  of  the  thermosetting  system. 

The  adsorption  phenomenon  at  an  equilibrium  state  near  solid  surfaces  has  been  described  by  Brunauer, 
Emmett  and  Teller,  referred  to  as  BET  theory  (Hill,  1946;  Ponec  et  al.,  1974).  The  BET  model  considers  a 
balance  between  the  adsorption  and  desorption  rates  at  thermodynamic  equilibrium  without  chemical  reactions. 
According  to  this  theory,  the  solid  surface  can  adsorb  molecules  from  the  bulk  into  an  "adsorbed"  state,  which 
may  be  regarded  as  a  distinct  phase  with  respect  to  the  bulk.  The  adsorbed  molecules  can  also  be  desorbed  into 
the  bulk  as  a  reverse  process.  These  two  processes  balance  each  other  at  equilibrium,  and  the  concentration  of 
the  molecules  near  the  solid  surface  can  be  obtained.  In  the  present  study,  the  equilibrium  formulation  is 
extended  to  include  the  time-dependent  (transient)  mass  migration,  and  the  simultaneous  reaction  among  the 
species  as  encountered  in  thermosetting  composite  material  processing,  with  the  objective  of  determining  the 
time  evolution  of  the  concentration  profiles. 

The  domain  between  the  two  fiber  surfaces  is  divided  into  molecular  layers  where  one  molecule  of  epoxy  or 
amine  can  occupy  only  one  of  these  layers,  and  NL  is  the  total  number  of  molecular  layers  in  the  half  domain 
(Figure  2).  The  solid  surface  can  adsorb  molecules  from  a  “bulk”  state  into  an  “adsorbed”  state,  and  conversely, 
molecules  in  the  “adsorbed”  state  may  be  desorbed  into  the  “bulk”  state.  Molecules  in  the  “adsorbed”  state  are 
treated  to  be  fixed  in  the  space  and  are  not  permitted  to  diffuse,  while  molecules  in  the  “bulk”  state  may  diffuse 
within  the  resin  mixture. 

Chemical  reaction  between  epoxy  and  amine  happens  simultaneously  during  the  adsorption,  desorption  and 
diffusion  processes.  The  reaction  equation  may  be  written  as: 

nlE  +  n2A-^P  (1) 

where  P  denotes  the  product,  n,  and  n2  are  the  mole  numbers  of  the  reactants  needed  to  produce  one  mole 
product. 
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The  mass  balance  analysis  for  the  epoxy  molecule  in  any  (z')th  adsorption  layer  in  Figure  2  yields 
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In  Eqn.  (2), 


dN 


E,i 


dt 


is  the  rate  of  change  of  total  number  of  epoxy  molecules  in  the  (z')th  adsorption  layer,  and  the 


subscripts  E  and  i  denote  epoxy  and  (z')th  layer,  respectively.  Epoxy  molecules  in  the  “bulk”  state  in  the  (i-7)th, 
(z')th,  and  (z'+7)th  layers  may  be  adsorbed  into  the  (z')th  molecular  layer,  denoting  by  the  rate  terms  7?a£(/,z),y=i-7, 
i,  z+7,  respectively;  in  a  reverse  process,  the  adsorbed  epoxy  molecules  in  the  (z')th  layer  can  also  be  desorbed 
into  the  bulk  in  the  (z-7)th,  (z)th,  and  (z'+7)th  layers  through  the  rate  terms  j=i-l,  i,  i+1;  further,  the 

depletion  of  epoxy  in  the  (z)th  adsorption  layer  through  chemical  reaction  is  determined  by  the  rate  term  7?r  £(z'). 

The  terms  denoting  rates  of  adsorption,  desorption,  and  reaction  are  determined  in  the  following  discussion. 
First,  the  adsorption  of  epoxy  molecules  from  (/)th  layer  to  (z')th  layer  is  given  as: 


Nr 


n^+n^+n^ 


(3a) 


The  parameter  ka  E  in  the  above  equation  is  defined  as  the  adsorption  rate  of  epoxy  molecules,  and  TV,  is  the  total 
number  of  epoxy  and  amine  molecules  adsorbed  in  the  (z')th  layer,  i.e.,  7Vf  =  NEJ  +  NAi.  Because  a  molecule 
adsorbed  into  the  (z)th  layer  must  adjoin  an  adsorbed  epoxy  or  amine  molecule  in  the  (z-7)th  layer,  the  term 
Nm  -  TV,  gives  the  number  of  available  sites  in  the  (z'-7)th  layer  which  are  open  for  adsorption.  The 

exponential  term  e~Ea  E^RT  includes  the  activation  energy  of  adsorption  Ea  E  for  the  epoxy  molecules,  which 
defined  the  energy  barrier  for  an  epoxy  molecule  to  be  adsorbed.  The  parameters  7V£  .  and  NA„ ,  are  the 

number  of  epoxy  and  amine  molecules  in  the  bulk  state  in  the  (z')th  molecular  layer,  and  TV^ ,  =  7V£_,  +  NA„ ,. . 
Since  the  epoxy  molecules  adsorbed  into  the  (z')th  layer  come  from  the  (z-7)th,  (z)th,  and  (z'+7)th  layers,  the 
fraction  7V£oo ,  /(TV„ f  +  N„  I+1 )  [/'=z-7,  i,  i+1]  in  the  above  equation  denotes  the  probability  that  a  site 

can  capture  an  epoxy  molecule  from  the  (/')th  layer. 

Other  rate  terms  can  be  defined  in  a  similar  way,  and  are  summarized  below. 
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The  fraction  1/3  in  the  desorption  term  arises  from  the  assumption  that  the  probabilities  of  desorption  from  the 
(z')th  layer  to  each  of  the  three  neighborhood  layers  are  identical;  while  the  fraction  TV^yW,  comes  from  the  fact 
that  among  all  the  molecules  desorbed  from  the  (z')th  layer,  the  probability  of  finding  an  epoxy  molecule  is  its 
mole  fraction  in  the  adsorption  layer.  The  “depletion”  term,  7?r£(z),  is  determined  by  the  crosslinking  chemical 
reaction  between  epoxy  and  amine,  where  kr  is  the  reaction  rate  and  NEJ  /(TV,  +TV„,  +  N Pi  +  NPxJ )  is  the 
mole  fraction  of  epoxy  in  the  (z')th  layer.  The  parameter  NP  i  is  the  number  of  product  molecules  in  the  (z)th  layer 
which  results  from  the  chemical  reaction  in  the  adsorbed  state,  while  Np<x ,  originates  form  the  reaction  in  the 
bulk. 

A  similar  mass  conservation  analysis  may  be  applied  to  the  amine  molecules  in  the  “adsorbed”  state  and  to 
the  product  molecules,  yielding  the  following  equations  for  these  species: 

dNj'  =  ^ RuA ( j , /)-  7 ldA {j, i )  (4) 

f  ~4  2  4  3  ^  4  2  4  3  depletion  (reaction) 

adsorption ,  Ra  A  (t )  desorption,  RJ  A{i) 
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storage 
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where  the  rate  terms  are  defined  similarly  to  those  in  Eqn.  (3)  by  changing  the  subscript  E  to  A.  Note  that  the 
right  hand  side  of  Eqn.  (5)  has  only  the  reaction  term  since  the  product  molecules  are  assumed  to  have  no 
mobility,  and  will  stay  in  their  space  of  formation. 

Equations  (2,  4,  5)  pertain  to  the  mass  transfer  rates  of  the  molecules  in  the  “adsorbed”  state.  The  adsorbed 
materials  exchange  mass  with  the  bulk  resin  that  undergoes  the  diffusion  process,  therefore,  the  rate  equations 
for  species  in  the  “bulk”  state  must  be  solved  simultaneously  with  those  corresponding  to  the  “adsorbed”  state. 
Consider  the  rate  of  change  of  the  number  of  epoxy  molecules  in  the  “bulk”  state  in  the  (i)th  layer,  i.e., 
dNmJ  /  dt ,  the  following  four  types  of  contributions  are  identified:  (1)  diffusion  of  epoxy  molecules  in  the 

“bulk”  state  from  (i'+7)th  and  (z'-i)th  layers  to  (i)th  layer,  which  increases  NExJ ,  (2)  epoxy  molecules  in  the 
“bulk”  state  in  the  (z)th  layer  being  adsorbed  to  the  (z'-7)th,  (i)th,  and  (i'+7)th  layers  of  the  “adsorbed”  state, 
which  reduces  Ne„j  ,(3)  desorption  of  epoxy  molecules  in  the  “adsorbed”  state  in  the  (z-i)th,  (i)th,  and  (i+7)th 

layers  to  the  (z')th  layer  of  the  “bulk”  state,  which  increases  f ,  and  (4)  chemical  reaction  in  the  bulk  in  (i)th 
layer.  We  thus  obtain 

-~L  =  d(ne^1  -2A^,  +  AvJ-  (6) 

y=;-i  j=i-\ 

where  D  is  the  diffusion  coefficient  of  epoxy  molecules.  Note  that  all  the  rate  terms  can  be  defined  as  before. 
Similarly,  we  may  get  the  rate  equations  for  NA„  f  and  Np„ .  as 

dN  M  i+1 

— =  -2 N„  I <7> 

at  7=,-i  /=i- 1 

dNPm .  ,  Nr  . 

- =  k  - ^ -  (8) 

dt  N.+N^  +  N^+N^ 

It  must  be  pointed  out  that  the  reaction  rate  kr  and  the  diffusivity  D  are  functions  of  extent  of  cure.  The 
diffusivity  is  described  by  free  volume  theory  as  (Sanford,  1 987) 

D  =  D0  exp[-  bD  /{fg  +  af(T-  Tg  (^}))Jexp(-  Ed/RT)  (9) 

where  ^  =  N^/Neo  is  a  dimensionless  epoxy  concentration,  defined  by  the  ratio  of  the  total  concentration  of 
epoxy  at  a  time  instant  to  that  at  time  zero.  The  parameters  Dn,  bD,  f  ,  Of,  EDm  the  model  depend  on  the  type  of 
thermosetting  system,  and  can  be  determined  by  the  approach  described  by  Sanford  (1987).  The  glass  transition 
temperature  Tg{£)  is  given  by  the  DiBenedetto  equation  with  three  additional  constants  Tg°,  EJEm,  and  FJFm, 

which  can  be  obtained  through  experimental  data  of  Tg  versus  extent  of  reaction  (Sanford,  1987) 

W-K  {BJE.-FJF.ft-t) 

T°  ’ 

The  reaction  rate  kr  is  controlled  by  the  retarded  diffusion  process  at  later  stages  of  polymer  cure  and  is  given  as 

_  kr0  exp(-Ea  /  RT) 

r  l  +  S/Dexp{-Ea/RT)  K  ’ 

where  kr0,  S,  and  Ea  are  empirically  determined  parameters  (Sanford,  1 987). 

The  unknowns  in  Eqns.  (2-8)  are  7V£„  NA  i,  NPJ,  NExJ ,  NA„ ,  and  NPmJ .  Additionally,  the  number  of 

molecules  at  the  (NL  +7)th  layer—  NE  Nl+1  ,  NA  N/+l ,  NrJtt+i ,  NE„  Ni+i ,  Na„Nl+}  ,  and  NP„^— are  unknowns 

corresponding  to  the  domain  boundaries.  Therefore,  when  i  goes  from  7  to  NL,  we  have  six  more  unknown 
variables  than  equations.  The  symmetry  conditions  at  the  middle  plane  provide  six  additional  equations  as 


(12) 


N  =  N  ■ N  =  N  ■  N  =  N 

IyE,NL  ly  E,NL+\’Jy  A,Nl  ly  A,NL+\’ly  P,Nl  JyP,NL+  1 

N  =  N  ■ N  =N  ■ N  =  N 

lyE°°,N,  ly  E~,N,+\’Jy  A°°,Nr  Jy  A~,N,+\’ly  P°°,N  L  2y  P°°,N,+ 1 

Equations  (2,  4-8)  (where  i  =  1,2,  A  NL )  and  the  symmetry  conditions  [Eqn.  (12)]  constitute  a  complete 
ordinary  differential  equation  (ODE)  system  for  the  6 NL  unknowns.  For  a  thermosetting  system  with  fiber  sizing 
thickness  of  Ns  molecular  layers,  the  initial  conditions  of  the  ODE  system  may  be  written  as 

Nej  =  NA4  =  NP4  =  NP„.  =  0;  (i  =  1,2, A  ,NL) 

Ne~;=Ne/’  Na„4  =0;  (t  =  1,2, A  ,NS)  (13) 

Ne„,=NE' 0;  Na„4=Nao;  {i  =  Ns+  1,A  ,NL) 


3.  Results  and  Discussion 


The  kinetics  model  developed  in  the  preceding  section  is  implemented  numerically  to  predict  the  interphase 
evolution  under  isothermal  conditions,  T  =  T0 .  A  nondimensional  form  of  the  governing  equations  and  initial 

conditions  is  obtained  by  introducing  a  dimensionless  time  t' =  ka  Ee~E‘‘^RT,,t ,  and  dividing  all  the  number  of 
molecules  (e.g.,  NEj,  NAA,  N0)  by  the  initial  number  of  epoxy  molecules  in  the  layer  next  to  the  middle  plane  NEo 
(e.g.,  N'Ei  =  NEi  /  Neo).  Figure  3  shows  the  distributions  of  number  of  epoxy  and  amine  molecules  (calculated 


as  the  total  number  of  molecules  both  in  “adsorbed”  and  “bulk”  states  in  each  layer)  from  the  fiber  surface 
(Layer  1)  to  the  middle  plane  (Layer  100  chosen  in  this  case)  at  different  times  during  the  process.  The  result 

corresponds  to  the  parameter  combination  of  the  following  groups:  kr0/ka  E  e^E‘  E ^E"^RT'>  =  50, 


kd,ElK,Eer(Ed'e~E‘  E)lRT°=  1-5,  kaA/kaE  c‘(£-'£»  £)/"r“=0.4,  kdA/kaE  e-(E'-*-E°*)lRT°=  1.3,  N’E0  = 


N'ej  =  2,  N'0  =  1,  D0/ka  E  eE‘-El*T°  =  50,  S/D0  ew  =0.5  ,  £x/£m=0.337,  Fx/Fm=0.194,/g=0.025,  Tg°= 254  k, 


c^=5.0e-4  1/k  (N'o  =  N,/NR  0,  where  N0  is  the  number  of  adsorption  sites  at  the  fiber  surface).  The  mass  transfer 
through  the  adsorption,  desorption,  and  diffusion  processes  is  stopped  when  the  reacting  resin  system  reaches  the 
gelation  point. 

The  initially  large  concentration  of  epoxy  and  zero  concentration  of  amine  (at  t'i)  near  the  fiber  surface 
correspond  to  the  epoxy  sizing  layer  applied  on  the  fiber.  At  time  t’2,  the  epoxy  profile  has  two  distinctive 
regions:  a  large  gradient  region  near  the  fiber  surface,  followed  by  a  small  gradient  region.  An  examination  of 
the  concentration  profiles  of  the  epoxy  species  in  the  “adsorbed”  and  “bulk”  states  separately  (omitted  here  in 
the  interest  of  brevity)  reveals  that  the  large  gradient  region  comes  from  the  molecules  in  the  “adsorbed”  state 
while  the  small  gradient  region  is  determined  by  the  diffusion  process  in  the  “bulk”  state.  These  are  shown  in 


Molecular  Layer  Molecular  Layer 


FIGURE  3:  RELATIVE  NUMBER  DISTRIBUTION  OF  (a)  EPOXY  AND  (b)  AMINE  MOLECULES  IN  EACH  MOLECULAR 
LAYER  AT  FOUR  DIFFERENT  TIMES. 
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Figure  3(a)  as  the  adsorption  region  and  the  diffusion  region,  respectively,  for  the  particular  time  instant  t'2.  Note 
that  these  regions  grow  away  from  the  fiber  with  time,  with  the  gradients  in  the  diffusion  region  approaching 
zero  owing  to  the  tendency  of  the  diffusion  to  equilibrate  the  concentration,  whereas  the  gradient  in  the 
adsorption  region  approaching  an  equilibrium  value,  corresponding  to  the  net  balance  of  the  adsorption  and 
desorption  effects.  Two  minima  of  the  epoxy  concentration  are  observed  in  Figure  3(a)  at  t'3  and  t'4,  respectively, 
which  can  be  explained  by  the  fact  that  epoxy  molecules  are  adsorbed  onto  the  fiber  surface  from  the 
neighborhood,  resulting  in  the  deficiency  of  the  epoxy  species  which  is  not  sufficiently  replenished  through  the 
diffusion  process.  The  time  t'4  is  the  gelation  time  when  the  concentration  profiles  are  “frozen”  in  space. 

Figure  3(b)  presents  the  amine  concentration  evolution  with  time.  In  this  scenario,  the  diffusion  and 
adsorption  mass  transfer  are  in  the  same  direction,  toward  the  fiber  surface,  as  opposed  to  that  in  Figure  3(a) 
wherein  the  adsorption  causes  epoxy  migration  towards  the  fiber  and  diffusion  tends  to  move  the  epoxy 
molecules  away  from  the  fiber.  The  two  minima  of  amine  concentration  at  times  t'3  and  t'4  can  be  explained  as 
above.  The  influence  of  other  parameter  combinations  on  the  concentration  profile  can  be  discussed  in  similar 
ways  and  detailed  discussion  will  not  be  included  in  the  paper.  The  predicted  interphase  concentration  profiles 
are  important  input  data  to  the  models  which  calculate  the  overall  composite  material  properties  (Palmese, 
1992).  In  the  present  study,  the  temperature  is  taken  as  a  given  constant,  while  the  real  temperature  field  needs  to 
be  solved  by  coupling  to  the  energy  equation  written  for  the  whole  composite  domain.  The  coupled  interphase 
formation  and  heat  transfer  model  can  be  used  to  select  the  cure  cycles  for  desired  interphase  structure. 

4.  Conclusions 

An  adsorption-desorption-diffusion-reaction  model  was  developed  to  predict  evolution  of  the  interphase 
concentration  profiles  during  thermosetting  composite  processing.  The  concentration  gradient  caused  by  the 
adsorption-desorption  process  is  seen  to  approach  an  equilibrium  value,  while  that  caused  by  the  diffusion  tends 
to  approach  zero.  It  was  also  shown  that  the  concentration  profiles  might  have  minima  instead  of  following  a 
simple  monotonical  trend. 
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ABSTRACT 

Fabrication  of  thermosetting-matrix  composites  is  based  on  a  critical  step  of  cure,  which  involves 
applying  predefined  temperature  cycle  to  a  fiber-resin  mixture.  Several  mass  transport  processes 
occur  in  the  vicinity  of  the  reinforcement  fiber,  leading  to  the  formation  of  an  interphase  region 
with  different  chemical  and  physical  properties  from  the  bulk  resin.  The  cure  cycle  applied  on 
the  macroscopic  boundaries  of  the  composite  govern  the  microscopic  cure  kinetics  near  the  fiber 
surface,  which,  in  turn,  determines  the  interphase  evolution  with  time,  and  the  life  and  properties 
of  the  composite.  Current  studies  in  the  literature  mostly  focus  on  the  macroscopic 
thermochemical  processes,  and  the  linkage  between  the  cure  cycles  and  the  interphase  structure 
evolution  has  not  been  rigorously  studied.  A  multiscale  thermochemical  model  is  presented  in 
this  paper  to  provide  the  critical  link  of  relating  the  process  parameters  to  the  interphase 
formation,  which  is  essential  for  optimizing  cure  cycles  to  obtain  tailored  interphase  in 
composite  materials. 

KEY  WORDS:  Polymer  Matrix  Composites,  Process  Modeling,  Interphase  Kinetics,  Curing  of 
Polymers 

1.  INTRODUCITON 

During  the  cure  of  thermosetting  polymer  composites,  the  presence  of  reinforcing  fibers 
significantly  alters  the  resin  composition  in  the  vicinity  of  the  fiber  surface  via  several 
microscale  processes,  forming  an  interphase  region  with  different  chemical  and  physical 
properties  from  the  bulk  resin.  The  interphase  resides  in  a  region  between  the  original 
constituents  of  the  composite  with  a  size  of  one  to  a  few  thousand  nanometers  (1-4).  The 
performance  of  the  composite  is  determined  by  the  ability  of  the  matrix  to  transfer  load  to  the 
reinforcing  fiber,  and  is  thus  controlled  by  the  interphase  region.  The  structure  and  properties  of 
the  interphase  are  the  dominant  factors  governing  the  overall  composite  properties  and 
performance. 

The  studies  in  the  literature  on  interphase  have  focused  primarily  on  the  experimental 
determination  of  the  influence  of  interphase  on  the  mechanical  behavior  of  the  composite 
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materials  (2-5,  for  example).  Fiber  surface  modifications  such  as  high  temperature  treatment  and 
sizing,  are  commonly  implemented  to  tailor  the  structure  of  the  interphase  regions  and  to 
investigate  their  effects  on  the  mechanical  and  other  properties  of  the  composite  materials.  Due 
to  complexities  of  the  molecular  level  mechanisms  that  occur  in  the  vicinity  of  the  fibers  during 
the  process,  prediction  of  the  interphase  evolution  as  function  of  processing  parameters  has  been 
the  subject  of  little  attention. 

Palmese  (1)  presented  a  model  for  predicting  the  interphase  composition  profile  under 
thermodynamic  equilibrium  conditions  of  a  non-reacting  epoxy-amine  resin  system.  The 
principle  of  minimum  free  energy  was  invoked  to  set  up  the  equilibrium  state,  accounting  for 
enthalpy  interaction  between  fiber  surface  and  resin  components,  and  the  calculation  of  Gibbs 
free  energy  was  based  on  a  Flory-Huggins  type  lattice  structure.  Hrivnak  (6)  extended  Palmese's 
model  to  a  reacting  system  by  using  renewal  theory  models  to  the  construction  of  the  assembly 
Gibbs  free  energy  and  the  associated  chemical  potential.  In  an  alternative  approach,  a  kinetics- 
based  description  of  the  governing  phenomena  was  developed  by  the  authors  to  predict  the 
interphase  development  during  thermosetting  composite  processing  (7-10).  In  this  method,  mass 
conservation  principle  was  employed  to  describe  the  transport  processes  of  multilayer 
adsorption,  desorption  and  diffusion  near  a  fiber  surface,  which  are  accompanied  by 
simultaneous  cure  reaction  between  the  resin  components.  The  time  evolution  of  interphase 
concentration  profile  gradients  before  the  gelation  of  the  thermosetting  system  was  predicted  as 
function  of  material  and  process  parameters. 

The  models  of  interphase  formation  consider  a  microscale  domain  near  a  fiber  surface,  and  the 
temperature  is  assumed  to  be  known.  In  a  simulation  of  the  cure  of  thermosetting  composites, 
however,  the  temperature  filed  must  be  computed  from  the  energy  equation  to  predict  the 
temperature  history  at  different  locations  in  the  material.  The  solution  of  the  energy  equation 
needs  the  information  of  interphase  cure  kinetics,  consequently,  the  energy  equation  and  the  cure 
kinetics  equations  are  coupled.  No  study  has  been  reported  in  the  literature  to  directly  link  the 
cure  cycles  to  the  interphase  kinetics,  and  this  paper  is  aimed  to  fill  the  critical  void.  A  multiscale 
thermochemical  model  is  developed  in  the  next  section,  which  couples  the  macroscale  energy 
equation  with  the  microscale  interphase  cure  kinetics  equations.  The  evolution  of  interphase 
concentration  profiles  is  presented  at  various  locations  of  the  composite  for  two  selected  cure 
cycles. 

2.  MULTISCALE  THERMOCHEMICAL  MODEL 

In  this  study,  the  geometry  of  the  composite  is  considered  to  be  cylindrical,  which  corresponds  to 
a  die  of  circular  cross  section,  in  a  pultrusion  process  (11-13).  However,  the  model  development 
and  relevant  results  are  readily  extended  to  the  other  geometries  involved  in  the  manufacturing 
techniques  such  as  autoclave  molding  and  liquid  molding.  In  a  pultrusion  process,  the  resin-fiber 
mixture  is  pulled  through  a  long  heated  die  with  prescribed  temperature  variation.  The  elevated 
temperatures  initiate  an  exothermic  crosslinking  cure  reaction  among  the  species  in  the  resin, 
which  transform  the  soft  initial  mixture  entering  the  die  to  a  hard  product  at  the  die  exit.  The 
dominant  physical  and  chemical  phenomena  are:  (a)  the  heat  transfer  associated  with  the  heating 
of  the  composite,  and  (b)  the  chemical  reaction  leading  the  cure  process  (11-13). 
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The  heat  transfer  inside  the  pultrusion  die  is  considered  to  be  one  dimensional  radially,  at  steady- 
state,  and  with  a  source  term  reflecting  the  reaction  heat  of  the  cure  process.  The  Lagrangian 
form  of  the  heat  equation  for  a  composite  cross-section  may  be  written  as  (1 1): 


8{pcrT)  _  \  d  | 
dt  ~  rdr  I 


hr 


dT\ 

dr 


+<VW,(l-v 


,  de 
dt 


(1) 


where  the  variables  t  and  r  are  the  Lagrangian  time  and  radial  coordinate,  respectively,  AHr  is  the 
heat  of  the  cure  reaction,  Ceo  is  the  initial  concentration  of  the  epoxy  resin  at  the  die  entrance,  v/ 
is  the  fiber  volume  fraction,  and  T  is  the  local  temperature  of  the  mixture.  The  three  material 
properties,  namely,  the  thermal  conductivity,  k,  the  density,  p,  and  the  specific  heat,  cp,  are 
evaluated  based  on  the  weight  fraction  of  the  fiber-resin  mixture  (11).  The  term  dddt  is  the  local 
reaction  rate,  and  its  determination  is  the  focus  of  the  remaining  discussion  in  this  section. 


The  cure  reaction  rate  is  commonly  modeled  by  empirical  correlations,  which  are  obtained  by 
using  data  from  the  bulk  reactions  with  uniform  mixing  of  the  reacting  species  in  the  absence  of 
the  reinforcing  fibers  (11).  The  presence  of  fibers,  however,  has  been  found  to  cause 
concentration  gradients  in  the  vicinity  of  the  fiber  surfaces  through  the  preferential  adsorption 
mechanism  (7-10).  Consequently,  the  reaction  kinetics  is  significantly  changed  by  the  spacial 
variation  of  the  stoichiometric  ratio,  i.e.,  the  non-uniform  mixing  of  the  reacting  species.  A 
model  of  the  microscale  cure  kinetics  near  the  fiber  surfaces  has  been  developed  by  the  authors 
(7-10),  and  is  adopted  in  this  paper  to  determine  the  cure  reaction  rate,  dddt. 

The  geometry  considered  in  the  cure  kinetics  model  is  the  inter-fiber  space  in  a  composite  having 
a  typical  staggered  fiber  arrangement  [Figure  1(a)].  The  domain  in  the  model  development  is 
idealized  as  the  region  between  two  identical  infinite  planes  representing  the  fiber  surfaces 
[Figure  1(b)],  which  may  be  justified  by  the  fact  that  the  interphase  thickness  is  often  small  in 
comparison  to  the  fiber  diameter.  A  graphite  fiber/epoxy-amine  thermosetting  system  is 
considered  in  the  model  development;  however,  all  the  derivations  and  results  are  applicable  to  a 
general  two-component  thermosetting  system.  The  domain  between  the  two  fiber  surfaces  is 
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Figure  1:  (a)  A  representative  fiber 
arrangement  in  the  composite,  and  (b) 
schematic  of  the  domain  between  two  fiber 
surfaces  considered  in  the  modeling. 
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Figure  2:  Schematic  of  the  adsorption, 
desorption,  and  diffusion  processes  in  an 
epoxy-amine  system. 


further  divided  into  molecular  layers  where  one  molecule  of  epoxy  or  amine  can  occupy  only 
one  of  these  layers,  and  Nl  is  the  total  number  of  molecular  layers  in  the  half  domain  (Figure  2). 


Due  to  the  interaction  between  resin  molecules  and  the  fiber  surface,  as  well  as  those  among 
resin  molecules  themselves,  epoxy  and  amine  molecules  can  move  from  layer  to  layer.  The  solid 
surface  can  adsorb  molecules  from  a  “bulk”  state  into  an  “adsorbed”  state,  and  conversely, 
molecules  in  the  “adsorbed”  state  may  be  desorbed  into  the  “bulk”  state.  Molecules  in  the 
“adsorbed”  state  are  treated  to  be  fixed  in  the  space  and  are  not  permitted  to  diffuse,  while 
molecules  in  the  “bulk”  state  may  diffuse  within  the  resin  mixture.  Figure  2  shows  the  molecular 
layers  in  the  model  domain,  where  the  adsorption  layers  contain  molecules  in  the  “adsorbed” 
state,  while  the  bulk  layers  hold  molecules  in  the  “bulk”  state.  Although  the  adsorption  and  bulk 
layers  are  drawn  separately  to  illustrate  the  mass  exchange  between  the  “adsorbed”  and  “bulk” 
states,  the  corresponding  layers  essentially  occupy  the  same  space,  i.e.,  the  (i)th  adsorption  layer 
and  the  (z)th  bulk  layer  are  overlapped.  Chemical  reaction  between  epoxy  and  amine  happens 
simultaneously  during  the  adsorption,  desorption  and  diffusion  processes,  resulting  in  a 
continuously  evolving  concentration  profile  that  is  “frozen”  in  space  upon  gelation  of  the 
thermosetting  system 


The  mass  balance  analysis  for  the  epoxy  molecule  in  any  (z)th  adsorption  layer  in  Figure  2  yields 


dt 


V - - - •  ' - V" - ' 

iutrfUm,  X*  ,  (») 

In  Eq.  (2),  dNpJdt  is  the  rate  of  change  of  total  number  of  epoxy  molecules  in  the  (z)th 
adsorption  layer,  and  the  subscripts  E  and  i  denote  epoxy  and  (z)th  layer,  respectively.  Epoxy 
molecules  in  the  “bulk”  state  in  the  (z-/)th,  (z)th,  and  (z+7)th  layers  may  be  adsorbed  into  the 
(*)th  molecular  layer,  denoting  by  the  rate  terms  Ra,E(i-l,i),  and  Ra,b{i+l,i)  respectively; 

in  a  reverse  process,  the  adsorbed  epoxy  molecules  in  the  (z)th  layer  can  also  be  desorbed  into  the 
bulk  in  the  (z-7)th,  (z)th,  and  (z+7)th  layers  through  the  rate  terms  Rj^i-Ri),  RjjAi, i),  and 
Rd,E(i+l,iy,  further,  the  depletion  of  epoxy  in  the  (z)th  adsorption  layer  through  chemical  reaction 
is  determined  by  the  rate  term  Rr,E(i)- 


Considering  the  rate  of  change  of  the  number  of  epoxy  molecules  in  the  “bulk”  state  in  the  (z)th 
layer,  i.e.,  dNE„Jdt,  we  may  obtain 


dNt 


&*y 


dt 


~&EA 


-1)+ (*>*) {i>1  (3) 

where  Dea  is  the  mutual  diffiisivity  in  the  binary  epoxy-amine  mixture,  AL  corresponds  to  the 
physical  size  of  a  molecular  layer,  «/  is  the  number  of  moles  of  epoxy  needed  to  produce  one 
mole  product,  and  kr  is  the  reaction  rate  determined  by  the  empirical  correlations  mentioned 
above. 
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The  rate  terms  of  adsorption,  desorption,  and  reaction  depend  on  the  number  of  epoxy,  amine 
and  product  molecules  in  the  adsorption  and  bulk  layers.  Similar  mass  conservation  analyses 
may  be  applied  to  the  amine  and  product  molecules  in  the  “adsorbed”  and  “bulk”  states,  yielding 
the  rate  of  change  equations  for  the  corresponding  species.  The  review  of  the  kinetics  model  so 
far  paves  the  way  for  the  development  of  the  thermochemical  model  in  this  section,  and  the 
readers  are  referred  to  refs.  (7-10)  for  details. 


The  degree  of  cure,  e,  is  defined  as: 


c_neo-ne 


where  Neo  is  the  initial  number  of  epoxy  molecules  in  the  model  domain  between  two  fiber 
surfaces  (Fig.  2),  and  Ne  is  the  instantaneous  number  of  epoxy  molecule  in  the  model  domain: 

(5) 

Differentiating  Eqns.  (2)  and  (3)  with  respective  to  time  yields: 

ds=  1  av,_  1  g/av,, 

dt  Neq  dt  Ng0  t-i  ,  dt  dt  , 

where  the  rates  of  change,  dNEJdt  and  dNs^i/dt,  are  given  by  Eqns.  (2)  and  (3),  respectively.  The 
heat  equation,  Eq.  (1),  for  the  macroscale  composite  domain  and  the  reaction  rate  equation,  Eq. 
(6),  for  the  microscale  model  domain  in  Fig.  2  consist  of  a  multiscale  thermochemical  model. 
Note  that  Eqns.  (1)  and  (6)  are  coupled  through  the  temperature  dependence  of  the  rate  terms  in 
Eqns.  (2)  and  (3). 


Two  boundary  conditions  and  an  initial  condition  are  invoked  for  Eq.  (1):  (I)  the  temperature  at 
the  outer  radius  of  the  composite  material  corresponds  to  the  temperature  of  the  die  wall  (or  the 
prescribed  cure  cycle),  Tc(t),  (II)  symmetric  conditions  exist  at  the  centerline  of  the  die,  and  (III) 
the  initial  temperature  at  the  die  entrance  is  specified  to  be  7}.  The  initial  conditions  for  Eqns. 
(2),  (3),  (6)  and  the  rate  equations  for  the  other  species  are:  (IV)  the  number  of  molecules  of  each 
species  in  the  “adsorbed”  state  is  zero,  and  (V)  the  number  of  product  molecules  is  zero,  and  all 
the  resin  molecules  are  in  the  “bulk”  state  (7-10).  The  above  five  conditions  may  be  expressed 
mathematically  as: 

(/)  T(Ratt)  =  Te(t );(//)  dT /6r(0,t)  =  b,(UI)T(r,0)  =  Ti 

{IV)Nb^N^=N^  =  0;  (i  =  l>2,-.^) 

(y)N^  =  0;NE^=Nlfi;  =  -Nt)  ,7, 


The  governing  equations,  Eqns.  (1)  and  (6),  along  with  the  boundary  and  initial  conditions,  Eq. 
(7),  were  solved  numerically  using  an  implicit  finite-difference  scheme  with  a  control  volume 
formulation  (9).  The  mesh  for  the  macroscopic  composite  domain  contained  64  numerical  grids 
along  the  radius  direction,  and  the  time  step  At  was  determined  such  that  the  mesh  Fourier 
number  k  At  t  pcpAr*  is  less  than  unity.  Depending  on  the  fiber  volume  fraction,  each 
computational  grid  may  consist  of  a  large  number  of  representative  volume  elements  (RVE) 
shown  in  Figure  2.  All  the  RVEs  in  a  grid  experience  the  same  temperature  history,  and  hence, 
the  same  concentration  profile  evolution  history.  Within  each  time  step,  the  temperature  field 
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obtained  from  Eq.  (1)  is  used  to  calculate  the  cure  reaction  rate  dddt  in  Eq.  (6),  which,  in  turn,  is 
substituted  into  Eq.  (1)  to  update  the  temperature  field;  and  the  procedure  is  performed  until  the 
temperature  filed  is  converged.  The  ordinary  differential  equations  [e.g.,  Eqns.  (2)  and  (3)]  were 
solved  by  a  fourth  order  Runge-Kutta  method  (7-10).  The  stopping  criterion  for  the  numerical 
simulation  is  that  all  the  sections  of  the  composite  reach  the  gelation  point,  which  corresponds  to 
£=0.6. 


3.  RESULTS  AND  DISCUSSION 

The  thermochemical  model  developed  in  the  previous  section  is  used  to  calculate  the  molar 
concentration  of  the  resin  component  as  a  function  of  the  molecular  layers  at  different  locations 
in  the  composite  for  various  cure  cycles.  A  nondimensional  form  of  the  heat  equation,  Eq.  (1), 
and  its  boundary  and  initial  conditions  is  obtained  by  introducing  the  dimensionless  temperature, 
location,  and  time  in  the  radius  direction  as:  0=(T-To)/To,  r'=r/Ro,  t'=ka,E  exp (-EaiE/RTo)t,  where 
To  is  the  reference  temperature;  while  the  dimensionless  form  of  the  reaction  rate  equation,  Eq. 
(6)  ,  and  its  initial  conditions  is  derived  by  introducing  a  dimensionless  time  t'  and  dividing  all 
the  number  of  molecules  (e.g.,  NEj,  NA,i)  by  the  initial  number  of  epoxy  molecules  in  the  layer 
next  to  the  middle  plane  NE0  (e.g.,  N'E.i  =  NeJNe,o )■ 

The  principal  dimensionless  groups  that  govern  the  interphase  concentration  evolution  at  various 
locations  in  a  composite  are  identified  as  follows:  (1)  the  adiabatic  reaction  temperature  0ad 
-AHrCE({l-Vf)/pcpTo,  (2)  dimensionless  epoxy  adsorption  energy,  E* aE  =  EaE/RT0,  (3) 
dimensionless  epoxy  desorption  energy,  E  d,E  -  EdjJRTo,  (4)  epoxy  desorption  ratio  /3E  =  {kd,E  e'( 
Ed.EEa,/RTo}  /  ka,E,  (5)  epoxy  diffusion  ratio  <f>£A  =  {DEAeEa,E/RTo}/^L2ka. E,  (6)  dimensionless  amine 
adsorption  energy,  E\j  =  Ea,A/RTo,  (7)  dimensionless  amine  desorption  energy,  E* d,A  =  EdJRTo, 
(8)  amine  desorption  ratio  pE  =  {kjj  e{  E d,A~E a,E?jRT o)  /  ka,E,  (9)  amine  adsorption  ratio  aA  =  {ka,A  e'( 
Ea,AEa,E>,RTo}  /  ka,E,  and  (10)  adsorption  Damkohler  number  y=  {kreEaJRTo}/ka,E,  In  this  study,  the 
number  of  molecular  layers  in  the  model  domain  is  keep  fixed  at  NL  =  100,  the  reference 
temperature  is  kept  at  To  =  80°C,  and  the  outer  radius  of  the  composite  R  -  0.00635m. 
Furthermore,  the  cure  cycles  begin  with  a  linear  ramp  from  6,  -  -0.33  to  Of  -  0.50  within  ramp 
time  At  ramp,  followed  by  a  hold  stage  with  a  constant  temperature  Of. 

Figures  3(a)-(f)  present  the  distributions  of  the  number  of  epoxy  and  amine  molecules  within  a 
microscopic  representative  volume  element  (shown  in  Figure  2)  at  different  nondimensional 
times  during  the  process.  The  results  correspond  to  a  cure  ramp  time  At  ramp  =  80,  and  the 
location  of  the  RVE  is  at  the  centerline  of  the  composite,  i.e.,  r/R= 0.0.  Although  the  total 
concentrations  are  the  most  relevant  to  the  composite  material  properties,  the  results  of  the 
adsorbed  and  bulk  fractions  are  presented  as  well  to  better  elucidate  the  trends  in  the  total 
concentration  development.  Figures  3(a)  and  3(b)  present  the  concentration  profiles  for  the 
molecules  in  the  adsorbed  state;  Figures  3(c)  and  3(d)  correspond  to  bulk  state  concentration 
profiles;  and  Figures  3(e)  and  3(f)  show  the  total  concentrations  of  epoxy  and  amine,  N'E.tot  and 
N'a.ioi.;  The  following  parameter  combination  is  employed:  6ad  =  0.072,  E*a.E~  E*a,E=  3.4,  E* d,E  = 
E'd,E=  6.8,  y=  0.01,  pE  =  0.75,  =  1.5,  0A  =  0.75,  N'e.o  =  N\0  =1  ,N'0=  1,  ( N'0  =  N0/NE,o,  where 

No  is  the  number  of  adsorption  sites  at  the  fiber  surface)  and  <f>EA  =  6.0.  The  desorption  ratios  Pe 
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and  Pa  are  chosen  to  be  relatively  small  which  indicates  that  the  resin  molecules  are  easily 
adsorbed  onto  the  fiber  surface. 


Figure  3:  Interphase  concentration  profiles  at  the  centerline,  in  terms  of  relative  number  of  (a)  epoxy  molecules 
and  (b)  amine  molecules  in  the  adsorbed  state;  (c)  epoxy  molecules  and  (d)  amine  molecules  in  the  bulk  state;  (e) 
total  epoxy  molecules  and  (f)  total  amine  molecules  in  both  states,  as  a  function  of  the  molecular  layer  at  four 
different  times  during  the  cure  process. 

In  the  adsorbed  state  profiles.  Figures  3(a)  and  3(b),  the  number  of  molecules  for  both  of  the 
species  increase  monotonically  from  t'  =  0.11  to  t'  =  54.00  due  to  adsorption  onto  the  surface, 
resulting  in  a  high  concentration  region  near  the  fiber  surface;  at  the  gelation  time  t’  =  137.43, 
however,  the  reactant  concentrations  in  the  vicinity  of  the  fiber  surface  decrease  due  to  chemical 
reaction.  The  concentration  profiles  are  seen  to  propagate  from  a  small  region  near  the  fiber 
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surface  at  t'  =  0.1 1  to  the  far  region  at  the  gelation  time,  which  is  identified  as  a  strong  adsorption 
effect.  The  number  of  epoxy  molecules  near  the  fiber  surface  is  smaller  than  that  of  the  amine 
molecules  owing  to  the  larger  amine  adsorption  rate  (ou  =  1.5).  The  adsorption/desorption 
processes  cause  the  deficit  of  species  in  the  bulk  state  near  the  fiber  surface,  as  shown  in  Figures 
3(c)  and  3(d)  from  t'  -  0.1 1  to  t'  =  54.00.  However,  the  diffusion  process  compensates  for  the 
deficit  at  the  gelation  time,  t'  =  102.0,  when  the  concentration  gradients  in  the  bulk  state 
approach  zero.  The  total  concentration  profiles  of  each  species  [Figures  3(e)  and  3(f)]  show 
minima  at  t’  -  0.11,  /'=  10.80  and  t'  =  54.00,  which  can  be  explained  by  the  coupled  influence  of 
the  adsoiption/desorption  and  the  diffusion  processes  as  discussed  above. 


Figure  4:  Total  interphase  concentration  profiles  for  (a)  epoxy  and  (b)  amine  molecules  near  the  middle  point;  (c) 
epoxy  and  (d)  amine  molecules  near  the  outer  radius.  The  results  correspond  to  cure  ramp  time  ArUnp-  80,  and  a 
strong  adsorption  effect. 

Figures  4(a)-(d)  present  the  total  concentration  evolution  at  two  other  locations  in  the  composite, 
i.e.,  the  middle  point,  r/R  =  0.5,  and  the  outer  radius  r/R  =  1 .0;  the  cure  ramp  time  and  other 
parameters  retain  the  values  as  in  Figure  3.  Since  resin  materials  at  larger  radius  experience 
higher  temperatures,  the  gelation  time  decreases  from  t'  =  137.43  at  the  centerline  to  t'  =  120.53 
at  the  middle  point  [Figures  4(a)  and  (b)],  and  t'  =  75.65  at  the  outer  radius  [Figures  4(c)  and  (d)]. 
All  the  concentration  profiles  show  minima  before  the  gelation  time,  which  may  be  explained  by 
the  same  arguments  in  Figure  3.  At  different  locations  in  the  composite,  the  final  concentration 
profiles  show  significant  deviations  from  each  other.  In  Figures  4(a)  and  (b),  the  concentration 
gradients  at  the  gelation  time  become  zero  between  layers  80  and  100,  while  in  Figures  4(c)  and 
(d)  the  zero  gradient  region  is  extended  between  layers  60  and  100.  A  smaller  zero  gradient 
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region  is  observed  in  Figures  3(e)  and  (f).  At  larger  radius,  less  time  (i.e.,  the  gelation  time)  is 
available  for  the  concentration  gradient  to  propagate  from  the  fiber  surface  to  the  far  region, 
hence  the  increase  in  the  zero  gradient  region. 
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Figure  5:  Total  interphase  concentration  profiles  for  (a)  epoxy  and  (b)  amine  molecules  near  the  centerline;  (c) 
epoxy  and  (d)  amine  molecules  near  the  middle  point;  (e)  epoxy  and  (f)  amine  molecules  near  the  outer  radius.  The 
results  correspond  to  cure  ramp  time  Ar'ramp  =  80,  and  a  weak  adsorption  effect. 


Figures  5(a)-(f)  show  the  total  concentration  profiles  at  three  locations  in  the  composites,  and  the 
results  pertain  to  the  parameter  combination  of  /?£  =  1.5,  £&  =  0.5,  and  Pa  —  2.0;  the  cure  ramp 
time  and  all  other  parameters  retain  the  values  as  in  Figure  4.  The  concentration  profiles  in  the 
adsorbed  state  (omitted  here  for  brevity)  growth  from  /'  =  0.11  to  t'  =  10.80,  and  remains 
invariant  afterwards.  An  equilibrium  state  is  thus  reached,  where  the  desorption  and  adsorption 
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processes  balance  each  other  and  the  influence  of  the  fiber  surface  only  propagate  to  a  few 
molecular  layers.  By  increasing  fiA  and  /fe,  and  decreasing  aA,  the  desorption  process  is 
strengthened  with  respect  to  adsorption,  which  corresponds  to  a  relatively  weak  “force  field”  by 
the  fiber  surface  that  can  only  penetrate  into  a  few  molecular  layers.  The  gelation  times  at 
different  locations  in  Figure  5  are  identical  to  the  corresponding  values  in  Figures  3  and  4,  which 


Figure  6:  Total  interphase  concentration  profiles  for  (a)  epoxy  and  (b)  amine  molecules  near  the  centerline;  (c) 
epoxy  and  (d)  amine  molecules  near  the  middle  point;  (e)  epoxy  and  (f)  amine  molecules  near  the  outer  radius.  The 
results  corresponds  to  cure  ramp  time  A t'nmp  =  160,  and  a  strong  adsorption  effect 


is  caused  by  the  first  order  cure  kinetics  adopted  in  this  study.  Since  only  the  concentration  of  the 
epoxy  (instead  of  the  concentrations  of  both  reactants)  is  considered  in  the  first  order  kinetics, 
different  concentration  profile  evolutions  in  the  microscale  domains  do  not  influence  the  overall 
reaction  rate  in  the  composite  domain.  An  improved  cure  kinetics  model  will  be  implemented  in 
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a  future  work  for  a  more  realistic  simulation.  The  equilibrium  profiles  in  the  absorbed  state  were 
developed  at  time  t'  =  10.80,  which  is  before  all  the  gelation  times  at  different  location, 
consequently,  the  final  concentration  profiles  in  Figure  5  are  almost  identical. 
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Figure  7:  Total  interphase  concentration  profiles  for  (a)  epoxy  and  (b)  amine  molecules  near  the  centerline;  (c) 
epoxy  and  (d)  amine  molecules  near  the  middle  point;  (e)  epoxy  and  (f)  amine  molecules  near  the  outer  radius.  The 
results  correspond  to  cure  ramp  time  At  'ramp  =  160,  and  a  weak  adsorption  effect. 


The  results  corresponding  to  a  longer  cure  ramp  time  At  ramp  =160  are  shown  in  Figures  6  and  7, 
which  follow  the  presentation  format  in  Figure  5(a)-(f).  Figure  6  retains  the  parameter 
combination  in  Figure  3  (or  4).  However,  the  gelation  times  in  Figure  6  are  longer  than  the 
corresponding  cases  in  Figures  3  and  4  due  to  lower  cure  temperatures,  e.g.,  an  increase  is  found 
from  t'  =  137.47  in  Figure  3(e)  to  t'  =  168.21  in  Figure  6(a).  Consequently,  the  final 
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concentration  profiles  are  also  changed  for  different  cure  cycles,  and  smaller  nonzero  gradient 
regions  are  observed  in  Figure  6  than  the  corresponding  cases  in  Figures  3  and  4.  Note  that  the 
final  concentration  profiles  in  Figures  6(a)  and  6(c)  [or  in  Figures  6(b)  and  6(d)]  are  identical, 
which  may  be  explained  by  the  fact  that  the  adsorption/desorption  equilibrium  states  were 
achieved  before  the  gelation  times.  Figure  7  has  the  same  parameter  combination  in  Figure  5, 
and  the  effect  of  different  cure  cycles  and  locations  in  the  composites  are  negligible  since  all  the 
gel  times  are  longer  than  the  adsorption/desorption  equilibrium  time. 

The  influence  of  other  parameter  combinations  and  cure  cycles  on  the  concentration  profile 
evolution  can  be  discussed  in  similar  ways  and  detailed  discussion  will  not  be  included  in  the 
paper.  The  predicted  interphase  composition  profiles  at  different  locations  of  the  composites  are 
important  input  data  to  the  prediction  of  overall  composite  material  properties  (1,  14).  The  results 
presented  in  this  section  may  be  used  to  select  the  cure  cycles  for  desired  interphase  structure. 

4.  CONCLUSIONS 

A  microscale  kinetics  model  of  interphase  formation  is  coupled  with  a  macroscale  energy 
equation  to  simulate  the  cure  process  of  thermosetting  composite  material.  The  final 
concentration  gradient  caused  by  the  adsorption-desorption  process  may  vary  at  different 
locations  in  the  composites,  which  experience  different  temperature  history.  It  is  shown  that  the 
composition  profile  changes  significantly  before  the  adsorption/desorption  equilibrium  time,  but 
remains  constant  afterward.  Consequently,  the  effect  of  cure  cycles  and  locations  in  the 
composite  may  be  negligible  when  gelation  times  are  always  longer  than  the 
adsorption/desorption  equilibrium  time  in  the  whole  composite  domain. 
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INFLUENCE  OF  INTERPHASE  MATERIAL  PROPERTY 
GRADIENTS  ON  THE  MICROMECHANICS  OF  FIBROUS 
THERMOSETTING-MATRIX  COMPOSITES 

F.  Yang  and  R.  Pitchumani 
Composites  Processing  Laboratory 
Department  of  Mechanical  Engineering 
University  of  Connecticut 
Storrs,  Connecticut  06269-3139 

ABSTRACT:  Both  experimental  and  theoretical  studies  in  the  literature  have  shown  that  a  fiber  surface 
perturbs  its  surrounding  polymer  to  create  a  three-dimensional  interphase  zone  with  concentration 
gradients.  The  interphase  region  serves  as  a  buffer  between  the  bulk  matrix  and  fiber,  and  its  properties 
are  critical  to  the  overall  composite  performance.  The  concentration  gradients  in  the  interphase  reflect 
different  local  stoichiometric  ratios,  which  may  be  correlated  to  material  properties  (e.g.,  the  modulus)  via 
experimental  studies.  Micromechanical  stress  analysis  needs  the  interphase  material  properties  as  input 
information.  Since  relatively  scant  information  is  available  on  the  prediction  of  interphase  concentration 
gradients  as  function  of  processing  conditions,  the  material  property  profiles  in  an  interphase  are  not 
readily  determined.  Consequently,  current  micromechanical  analyses  have  resorted  to  using  assumed 
interphase  property  profiles.  An  analysis  using  the  property  variation  corresponding  to  an  actual 
interphase  composition  profile  is  imperative  for  a  realistic  property  and  performance  prediction,  and 
forms  the  focus  of  the  study.  Such  an  analysis  also  provides  for  potentially  relating  the  processing 
parameters  to  the  composite  properties,  and  in  turn,  for  optimal  processing  of  composites. 

KEYWORDS:  Interphase  formation.  Micromechanics,  Finite  element  method,  Elastic  moduli 

INTRODUCTION 

Fabrication  of  thermosetting-matrix  composites  is  based  on  a  critical  step  of  cure,  which  involves 
applying  predefined  temperature  cycle  to  a  fiber-resin  matrix  mixture.  The  elevated  temperatures  initiate  a 
crosslinking  cure  reaction  among  the  species  in  the  matrix.  The  presence  of  fibers  has  been  found  to 
significantly  influence  the  cure  reaction,  resulting  in  the  formation  of  a  third  phase  known  as  the 
interphase  which  possesses  property  gradient  distinct  from  those  of  the  bulk  fiber  and  the  matrix.  The 
interphase  resides  in  a  region  between  the  original  constituents  of  the  composite  with  a  size  of  a  few  to  a 
few  thousand  nanometers  [1-43.  Although  the  region  has  a  microscopic  scale,  it  essentially  forms  a 
significant  portion  of  the  matrix  in  the  composite  [1],  Also,  the  performance  of  the  composite  is 
determined  by  the  ability  of  the  matrix  to  transfer  load  to  the  reinforcing  fiber,  and  is  thus  controlled  by 
the  interphase  region.  The  structure  and  properties  of  the  interphase  are  the  dominant  factors  governing 
the  overall  composite  properties  and  performance. 

Several  physical  and  chemical  mechanisms  contribute  simultaneously  to  the  interphase  formation  and 
very  few  of  them  have  been  described  rigorously  in  mathematical  models.  Garton  et  al.  [5]  showed  that 
the  carbon  surfaces  influence  the  cross-linking  reaction  in  an  anhydride-epoxy  system  by  adsorbing  the 
tertiary  amine  catalyst  and  forming  amine  rich  interphase  regions  near  the  carbon  surfaces.  Similarly, 
Sellitti  et  al.  [6]  used  Fourier  transform  IR  attenuated  total  reflection  spectroscopy  to  characterize  the 


interphase  phenomena  in  an  epoxy-anhydride-catalyst  system,  and  showed  that  the  surface  species 
introduced  on  graphitized  carbon  fibers  can  promote  or  inhibit  the  cross-linking  process  by  the 
preferential  adsorption  of  the  catalyst.  Other  possible  interphase  mechanisms  are  proposed  by  Drzal  [4], 

The  effects  of  interphase  property  gradients  on  the  overall  composite  properties  are  extensively 
investigated  in  the  literature  [7-15,  for  example].  However,  the  studies  are  commonly  based  on  assumed 
or  empirical  interphase  properties.  Tsai  et  al.  used  an  axisymmetricfinite  element  model  to  study  the 
interface  stress,  displacement,  and  fracture  toughness  [7].  An  elastic  shear  lag  analysis  was  developed  and 
correlated  with  the  micro-debonding  test  data  to  determine  the  thickness  and  material  properties  of  the 
interphase.  Boundary  element  method  was  adopted  by  Liu  et  al.  to  predict  transverse  moduli  of  fibrous 
composites  [8].  Tsui  et  al.  studied  the  effects  of  different  interphase  properties  on  Young’s  modulus, 
maximum  stress  concentration  factor,  and  stress  distribution  in  particle-filled  polymer  composites  [9]. 
Transverse  Young's  storage/loss  moduli  and  physical  aging  of  a  viscoelastic  composite  with  fiber 
reinforcement  were  investigated  by  Fisher  and  Brinson  [10],  All  the  studies  in  refs.  [8-10]  assumed 
interphase  thickness  and  modulus. 


Some  empirical  relations  were  proposed  to  predict  the  interphase  property  gradients.  By  assuming  that  the 
rate  of  change  of  a  property  is  proportional  to  the  value  of  the  property,  the  interphase  modulus  variation 
with  radius,  E,{r),  was  given  as  [1 1,12]: 


1  -re'-'"  !rt 
l-r/^'Vr 


(1) 


where  the  subscripts  i,  m,  and  /  refer  to  interphase,  matrix,  and  fiber,  respectively.  The  parameter  p  is 
called  an  adhesion  factor,  which  is  the  ratio  between  the  interphase  modulus  at  r=/y  and  the  fiber  modulus. 

P  =  Ei(rf)/Ef 

Similar  expressions  were  applied  to  other  elastic  moduli,  such  as  Poisson  ratio.  Thermal  stresses  due  to 
the  interphase  property  gradients  are  predicted  by  Sottos,  et  al.,  where  the  elastic  constants  vary  linearly 
within  the  interphase  [13].  A  power  law  relation  was  used  by  Wacker  et  al.  to  calculate  transverse 
Young's  modulus  of  composites  [14]. 
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where  0  <  a  <  1  $,  and  n  =  2, 3  •  •  • .  A  review  on  the  empirical  interphase  models  and  their  feartures  was 
given  by  Jayaraman  et  al.  [15], 

Due  to  complexities  of  the  molecular  level  mechanisms  that  occur  in  the  vicinity  of  the  fibers  during  the 
process,  prediction  of  the  interphase  evolution  as  function  of  processing  parameters  from  first  principles 
has  been  the  subject  of  little  attention.  To  the  authors'  knowledge,  the  first  work  on  modeling  interphase 
formation  in  thermosetting  materials  was  presented  by  Palmese  [1].  The  model  predicted  the  interphase 
composition  profile  under  thermodynamic  equilibrium  conditions  of  a  non-reacting  epoxy-amine  resin 
system.  Minimum  free  energy  principle  was  invoked  to  set  up  the  equilibrium  state,  accounting  enthalpy 
interaction  between  fiber  surface  and  resin  components,  and  the  calculation  of  Gibbs  free  energy  was 
based  on  a  Flory-Huggins  type  lattice  structure.  Hrivnak  extended  Palmese's  model  to  a  reacting  system 
by  using  renewal  theory  models  to  the  construction  of  the  assembly  Gibbs  free  energy  and  the  associated 


Figure  1  Uint  cell  considered  in  the  analysis 


chemical  potential  [16].  A  kinetics  approach  is  adopted  by  the  authors  to  predict  the  interphase 
development  during  thermosetting  composite  processing  [17,18].  Mass  conservation  principle  is 
employed  to  describe  the  transport  processes  of  multilayer  adsorption,  desorption  and  diffusion  near  a 
fiber  surface,  which  are  accompanied  by  simultaneous  cure  reaction  between  the  resin  components.  The 
evolution  of  interphase  concentration  profile  gradients  with  time  is  predicted  before  the  gelation  of  the 
thermosetting  system. 

This  paper  employs  Hrivnak's  analytical  model  to  predict  the  interphase  composition  profiles,  which  are 
subsequently  mapped  to  modulus  profiles  using  an  experimental  correlation  between  compositions  and 
moduli.  The  modulus  profiles  are  used  in  finite  element  analyses  to  calculate  the  stiffness  of  fiber 
reinforced  epoxy/amine  composites.  A  commonly  used  representative  volume  element  (RVE),  i.e.,  the 
rectangular  array  in  Fig.  1,  is  adopted  in  the  numerical  studies.  The  effects  of  several  processing 
parameters  on  the  overall  composite  modulus  are  illustrated. 

INTERPHASE  FORMATION  MODEL 


To  eliminate  the  need  for  assumed  interphase  properties  in  current  micromechanical  analyses,  the 
interphase  formation  model  by  Hrivnak  is  adopted  to  describe  the  concentration  profiles  in  the  interphase 
region  [16].  The  model  examines  the  chain/surface  and  chain/chain  interactions  of  a  binary  thermosetting 
resin  mixture  in  the  vicinity  of  a  fiber  surface.  The  interaction  of  a  single  polymer  chain  with  a  surface  is 
described  by  an  analytical  molecular  partition  function,  which  is  incorporated  into  a  sub-lattice  model  to 
derive  the  chain  assembly  Gibbs  free  energy.  By  minimizing  the  assembly  Gibbs  free  energy,  the  volume 
fraction  of  species  1  at  the  (z)th  lattice  layer,  v/(z),  is  obtained  as  follows. 


v,  (z)  =  xv,  Hg(*,,z)exp[S,  (z)]exp[^(v22  (°°)- v22  (z))]exp 
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Similar  expressions  for  species  2  may  be  obtained  by  switching  the  subscripts  1  and  2  in  the  above 
equations.  The  parameter  *ris  introduced  as  a  normalization  constant  to  ensure  that  volume  fractions  v;(z) 
and  v2{z)  sum  to  unity,  and  v,  (°°)  is  the  volume  fraction  of  species  1  in  the  far  region.  Eqs.  (4)  and  (5) 

show  that  chain/surface  interaction  depends  on  the  surface  potential,  ctjj,  chain  length,  xh  distance  of  the 
lattice  layer  from  the  surface,  z,  and  the  temperature,  T.  Positive,  negative,  and  zero  values  of  co, 
correspond  to  attractive,  repulsive,  and  neutral  surfaces  to  the  species  1,  respectively.  The  second 
exponential  term  in  Eq.  (3)  accounts  for  the  chain/chain  interaction  between  the  two  species  in  the  binary 
resin  mixture,  where  %  is  the  interaction  parameter.  For  x>  0,  the  two  species  are  repulsive  to  each  other. 
If  the  surface  prefers  to  adsorb  species  1,  positive  chain/chain  interaction  pushes  the  species  2  further 
away  from  the  surface,  leading  to  enhanced  preferential  adsorption  on  species  1.  The  last  exponential 
term  in  Eq.  (3)  represents  the  effect  of  excess  mixing  causing  by  different  chain  lengths  (jc,  and  x2)  of  the 
species.  The  quantity  NL  is  the  number  of  lattice  layers  of  thickness  f  contained  within  a  sub-lattice,  and 
may  be  treated  as  a  weighting  factor  of  the  excess  mixing.  Note  that  large  values  of  NL  reduce  the  effect  of 
excess  mixing. 

Fig.  2  presents  a  few  sample  concentration  profiles  predicted  by  the  above  model.  The  thermosetting 
mixture  consists  of  an  aliphatic  bis(p-aminocyclohexyl)  methane  (PACM20)  curing  agent  and  an 
aromatic  diglycidyl  ether  of  bisphenol-A  (DGEBA)  epoxy  resin.  Note  that  the  volume  fraction  of 
PACM20  is  converted  to  a  parts  per  hundred  (i.e.,  pph)  concentration,  defined  as  the  weight  percentage  of 
PACM20  to  DGEBA. 


pph  - 1 00  P/V-A- 

Pe(1~va) 


(7) 


where  vA  is  the  volume  fraction  of  PACM20,  and  pA  and  pE  are  density  of  PACM20  and  DGEBA, 


Figure  2  Interphase  concentration  profile  predicted  form  the  model  by  Hrivnak  for 
different  (a)  surface  potentials,  and  (b)  chain  lengths. 


respectively.  Fig.  2(a)  shows  the  distribution  of  pph  PACM20  from  the  fiber  surface  (Layer  0)  to  the  far 
region  (Layer  100)  at  different  surface  potentials  (Oa.  The  results  correspond  to  the  parameter  combination 
of  C0e=  -0.28  kT,  xE=xA=  150,  x~  1-0,  NL  =  2.5,  as  determined  by  Hrivnak  for  the  DGEBA/PACM20 
system  [16].  For  a  neutral  surface,  the  pph  PACM20  values  near  the  fiber  surface  are  close  to  the  bulk 
value  of  28.  The  surface  concentrations  increase  as  the  surface  becomes  more  attractive  to  PACM20,  and 
sharp  increases  are  observed  for  o)A  >  1.6  kT.  As  the  distance  increases,  the  pph  PACM20  decreases 
asymptotically  to  the  bulk  value  (28)  for  all  the  values  of  coA.  Fig.  2(b)  presents  the  effect  of  chain  lengths, 
following  the  presentation  format  of  Fig.  2(a),  for  the  parameter  combination  of  (0A  =  0.43  kT;  all  other 
parameters  retain  the  value  as  in  Fig.  2(a).  Fig.  2(b)  shows  that  the  surface  may  easily  adsorb  shorter 
chains,  and  the  pph  concentration  at  the  surface  is  almost  doubled  as  compared  to  the  bulk  value  for  the 
case  ofxE=:xA  =  10.  However,  the  magnitudes  of  the  surface  concentration  increases  are  not  as  significant 
as  those  in  Fig.  2(a).  It  is  also  observed  that  the  region  perturbed  by  the  surface  becomes  smaller  as  the 
chain  length  decreases.  The  discussion  on  the  interphase  formation  model  so  far  only  provides  the 
necessary  information  for  the  development  of  the  micromechanical  analysis  in  this  paper,  the  readers  are 
referred  to  Hrivnak  for  details  [16]. 

INTERPHASE  MODULUS  PROFILES 

Since  matrix  modulus  is  determined  by  the  resin  component  compositions,  the  concentration  profiles  in 
Fig.  2  may  be  mapped  to  modulus  profiles.  Fig.  3  presents  several  experimental  data  on  matrix  modulus 
as  function  of  the  parameter  X  =  pph-l/pph  for  the  DGEBA/PACM20  system  at  30°  [19].  Two  peaks  of 
maximal  modulus  are  observed:  one  around  18  pph  PACM20  with  a  value  of  3.2  GPa,  and  the  other 
between  48  and  56  pph  PACM20  having  a  value  of  2.4  GPa.  For  concentrations  between  18  pph  and  56 
pph,  the  value  of  modulus  varies  about  60%.  The  modulus  drops  sharply  on  both  ends  of  the 
concentration  axis  due  to  the  fact  that  the  matrix  is  in  extreme  deficit  of  either  resin  component  and  can 
not  be  cured  sufficiently.  Based  on  these  observations,  a  twin  peak  function  is  used  to  fit  the  data  as 
follows: 


E  = 


(X -19.57)  / 2 14.42 +  0.42  (2f  -  50.59)  / 803.09 +  0.47 


(8) 


Eq.  (8)  has  the  asymptotic  value  of  0  as  pph  approaches  0  and  infinity,  and  it  is  used  in  this  study  to  map 

the  concentration  profiles,  v/(z)  or  v^z),  to 
modulus  profile,  E(r).  Note  that  the  radius  distance 
from  a  fiber  center,  r,  may  be  obtained  from  the 
fiber  radius,  rE  and  the  lattice  layer,  z,  as  r  =  r/+  z 

f. 

The  interphase  region  is  typically  thin, 
consequently,  most  micromechanical  models 
consider  only  a  single  uniform  interphase  layer 
with  thickness  §  and  effective  modulus  Et  [7-15]. 
An  "interphase  thickness"  may  be  defined  in  a 
similar  way  as  the  boundary  layer  thickness  in 
fluid  mechanics,  such  as  the  PACM20 
concentration  is  within  1%  of  the  PACM20 
concentration  in  the  far  region  layers  [17,18].  The 
modulus  profile,  E(r),  may  be  used  to  determine 
the  effective  interphase  modulus  as  follows  [14], 


Figure  3  The  Young’s  modulus  as  a 
function  of  stoichiometry  for  the 
system  DGEBA/PACM20  at  30°C. 
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The  derivation  of  Eq.  (9)  is  based  on  a  series  connection  of  infinite  springs. 

FEM  ANALYSIS  OF  LAMINAE  TRANSVERSE  MODULI 

The  moduli  of  an  apparent  heterogeneous  composite  lamina  (represented  by  a  RVE)  are  defined  as  those 
of  an  ideal  equivalent  macroscopic  homogeneous  medium.  The  equivalent  material  is  generally 
anisotropic,  and  exhibits  the  same  volume  and  deformation  strain  energy  as  the  RVE  [14,20]. 

Veq  =V;  Ueq=U  (10) 

where  V  and  U  are  the  volume  and  strain  energy  of  the  RVE,  and  Vq  and  lfq  are  the  same  quantities  for 
the  equivalent  material,  respectively. 

The  RVE  considered  in  the  present  study  is  shown  in  Fig.  1 ,  where  the  cross-sections  in  the  x-y  plane  are 
rectangular  with  length  a  and  height  b.  To  calculate  composite  moduli,  appropriate  boundary  conditions 
are  essential  to  model  different  loading  situations  [20].  The  following  boundary  conditions  are  considered 
to  determine  transverse  longitudinal  moduli  [14,20]. 

u(0,y)  =  0;  u(a,y)  =  constant  =  S2 
v(x,0)  =  0;  v(jc,Z>)  =  constant  =  8Z 

where  u  and  v  denote  displacement  in  the  x  andy  directions,  respectively. 

The  strain  energy  of  the  equivalent  material  subject  to  the  loading  conditions  in  Eq.  (1 1)  is  as  follows 


ueq  =-  [cAp.dv^-c&py 

•y  J  ‘J  1  J  lJ  1  J 


where  Q  are  the  components  of  stiffness  matrix  of  the  equivalent  material,  and  <P,  and  <Z>  are 
macrostrains  in  the  contracted  notations.  Note  that  the  macrostrains  are  constants  within  the  homogeneous 
equivalent  material.  Similarly,  the  strain  energy  of  the  RVE  may  be  written  as: 


U-Uc^dV 


where  the  stiffnesses,  c,y,  and  the  microstrains  Et  and  §  are  functions  of  locations  in  the  RVE.  The  RVE 
strain  energy  U  is  computed  using  ABAQUS  V6.3,  a  commercial  finite  element  package.  Substituting  the 
above  two  expressions  into  Eq.  (10)  yields 


-C„<D,«D,y  =  -  \cu£,£,dv 

9  V  '  J  9  J  v  ‘  J 


(12) 


By  introducing  sufficient  number  of  admissible  deformation  states  of  the  RVE,  Eq.  (12)  may  be  used 
repetitively  to  form  a  set  of  linear  algebraic  equations  which,  in  turn,  can  be  used  to  determine  all  the 
stiffnesses  of  the  equivalent  (or  composite)  material. 

Three  deformation  states  are  configured  by  specifying  the  following  requirements  for  the  boundary 
conditions  in  Eq.  (1 1). 

state  I :  S2  *  0,  S3  =  0 

state  II :  S2  *  0,  0  (13) 

state  HI:  S2  =  0,  0 

The  macrostrains  in  the  equivalent  material  corresponding  to  the  deformation  states  are 

state I:  O'  =^-,  $'=(),  Of=0 
a 

Staten:  O"  =  -^-,  =  ^,  Of=0  (14) 

a  b 

state  III:  Of  =0,  Of  =  ^,  Of  =0 

b 

where  the  subscripts  2  and  3  correspond  to  the  directions  x  and  y,  respectively,  as  shown  in  Fig.  1. 
Combining  Eqs.  (12)  and  (14)  yields 

state  I :  = 

stateD:  j[c„(0“)‘  +Ca<S>';<S>';  +C„(<S>“)2y  =  U„  (15) 

state  in:  Ic„«)V  =  V„ 

where  Uh  Un,  Um  are  the  strain  energies  of  the  RVE  (obtained  from  FEM  analysis)  for  deformation  states 
/,  II  and  III  respectively.  Eq.  (15)  may  be  used  to  solve  the  stiffnesses  C22,  C23,  and  C33,  which,  in  turn,  are 
used  to  determine  transverse  longitudinal  moduli  of  composite  laminae. 

In  this  study,  a  lamina  is  consider  to  be  an  orthotropic  material,  and  has  two  independent  transverse 
longitudinal  moduli,  E2  and  E3  (Fig.  1).  Under  plain  stress  conditions,  the  relationships  between  the 
stiffnesses  and  the  elastic  constants  are  [21,22]: 


where  v23  is  Poisson's  ratio.  The  solutions  of  the  elastic  constants  in  Eq.  (16)  are 


(17) 
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RESULTS 

The  finite  element  predictions  of  the  composite  elastic  moduli  based  on  Eqs.  (15)  and  (17)  are  compared 
with  calculations  by  Wacker  et  al.  [14]  at  different  interphase  moduli,  as  shown  in  Table  1.  It  must  be 
pointed  out  that  the  assumption  of  transverse  isotropic  is  used  in  ref.  (14),  which  is  a  special  case  of 
orthotropic  medium  considered  in  this  study.  By  setting  the  array  angle  yto  45°,  the  orthotropic  solutions 
are  reduced  to  the  corresponding  transverse  isotropic  solutions  (E?  =  £)).  The  RVE  used  in  the 
comparison  study  is  a  rectangular  array  (y=  45°)  with  50%  fiber  volume  fraction.  The  properties  and  the 
geometries  of  the  constituent  materials,  Epoxy/E-glass,  are: 

Ef  =84GPa;v/.  =0.22  \rf  =8.5  fim 
Em  =  4GPa;  vm  =  vi  =  0.34;  r.t  =  9.5//W 

Current  finite  element  analysis  uses  eight-noded  quadratic  plane  stress  elements,  and  mesh  convergence 
studies  are  conducted  to  ensure  correct  modulus  values.  Good  agreement  between  the  FEM  predictions 
and  the  literature  results  is  observed  for  all  the  values  of  the  interphase  modulus  studied. 

Table  1  Interphase  effect  on  the  transverse  elastic  modulus  of  an  epoxy/E-glass  composite  lamina 


Ei  GPa 

Present  FEM 

Wacker  et  al.  [14] 

4 

12.15 

12.25 

6 

13.70 

13.71 

8 

14.66 

14.68 

12 

15.79 

15.91 

With  the  validated  FEM  formulation  as  basis,  effects  of  the  processing  parameters  on  the  composite 
modulus  are  described  in  the  following  discussion.  An  examination  of  the  interphase  formation  model 
shows  that  the  following  processing  parameters  are  of  primary  interests:  (1)  surface  potentials  for 
chain/surface  interaction,  coA  and  <%,  (2)  interaction  parameter  for  chain/chain  interaction,  (3)  lattice 
layer  thickness,  f,  (4)  number  of  lattice  layer  within  a  sub-lattice,  NL,  and  (5)  chain  lengths,  xE  and  xA. 
The  DGEBA/PACM20  thermosetting  system  is  considered  in  the  parametric  studies,  however,  all  the 
analyses  are  readily  extended  to  a  general  two-component  thermosetting  system.  At  the  stoichiometric 
point  (28  pph  PACM20),  the  modulus  of  the  DGEBA/PACM20  system,  Em,  has  a  value  of  2.3  GPa.  The 
interphase  modulus  profiles  are  obtained  by  combining  Eqs.  (3)  and  (8),  and  effective  interphase  modulus, 
Eh  is  calculated  from  Eq.  (9).  Relevant  numerical  results  are  presented  for  the  first  time  where  composite 
stiffness  is  directly  linked  to  the  processing  parameters  without  assumed  structures  or  properties  of  the 
interphase.  The  results  provides  guildlines  for  selecting  material  components  and  processing  temperatures 
to  achieve  desired  overall  composite  properties. 

Fig.  4(a)  shows  the  dimensionless  composite  transverse  Young's  modulus,  EJEm,  as  a  function  of  fiber 
modulus  ratio,  EJEm  at  different  surface  potentials  eoA.  The  results  correspond  to  a  parameter  combination 
of  v/=  0.5,  y=  45°;  all  other  parameters  retain  the  value  as  in  Fig.  2(a).  For  the  case  of  coA  =  0,  the  fiber 
surface  is  neutral  to  PACM20,  and  its  concentration  near  the  surface  is  almost  identical  to  that  of  the  far 
region  [see  Fig.  2(a)],  Consequently,  the  composite  material  is  similar  to  a  two  components  (fiber  and 
matrix)  system  without  distinct  interphase  regions.  When  EJEm  =  1,  the  curve  starts  at  E2/Em=  1  since  the 


Figure  4  Transverse  Young’s  modulus  of  composite  as  a  function  of  the  ratio 
Ef/Em  for  different  (a)  surface  potentials,  and  (b)  chain/chain  interactions. 

material  is  essentially  homogeneous.  The  composite  modulus  is  seen  to  increase  with  increasing  fiber 
modulus,  as  physically  expected.  However,  the  increase  rate  of  E2  slows  down  at  larger  Ej  values;  as 
Ef  — »  °° ,  E2  approaches  an  asymptotic  value,  which  is  obtained  from  an  ideal  rigid  body  reinforcement. 

Interphases  richer  in  PACM20  are  developed  as  coA  increases.  When  a)A  increases  from  0  to  1 .6  kT,  the 
pph  PACM20  at  the  fiber  surface  increases  from  28  to  115,  while  the  interphase  modulus  E,  decreases  38 
percent  from  2.30  GPa  to  1.43  GPa.  Since  the  interphase  thickness  is  thin  (about  0.12  microns),  the 
composite  modulus  has  only  slight  decrease.  Further  increases  of  surface  potential  to  1 .8  kT  and  2.0  kT 
yield  sharp  decreases  of  £,  to  0.67  GPa  and  0.24  GPa,  respectively,  and  significant  decreases  of  the  E2  are 
observed.  As  a>A  =  3.5  kT,  the  interphase  almost  consists  of  pure  PACM20,  which  corresponds  to  a  near 
zero  value  of  Ej.  In  this  case,  the  composite  modulus  is  close  to  that  of  a  matrix  with  holes,  and  the 
influence  of  the  fiber  is  negligible.  In  Fig.  4(b),  the  influence  of  the  chain/chain  interaction,  %,  on  the 
composite  modulus  is  demonstrated.  The  result  corresponds  to  coA  =  0.43  kT,  with  all  the  other  parameters 
retain  their  values  in  Fig.  4(a).  Recall  that  positive  chain/chain  interaction  enhances  the  preferential 
adsorption  on  PACM20,  therefore,  the  influence  of  ^is  similar  to  that  of  surface  potential  coA.  Discussions 
on  Fig.  4(b)  follow  those  in  Fig.  4(a),  and  are  omitted  here  for  brevity. 

The  influence  of  other  parameters  on  the  overall  composite  properties  can  be  discussed  in  similar  ways 
and  detailed  discussion  will  be  presented  in  a  future  publication.  In  this  paper,  the  interphase  formation  is 
predicted  by  a  thermodynamic  approach,  where  the  temperature  is  taken  as  a  given  constant.  For 
nonisothermal  cure  processes,  the  real  temperature  field  needs  to  be  solved  by  considering  the  energy 
equation  written  for  the  whole  composite  domain,  and  the  kinetics  model  is  to  be  coupled  with  the  energy 
equation  to  predict  the  interphase  evolution  and  the  final  composite  properties. 

CONCLUSION 

An  interphase  formation  model  obtained  from  first  principles  is  adopted  to  predict  the  stiffness  of  a 
fibrous  composite,  eliminating  the  need  for  assumed  interphase  properties.  Processing  parameters  such  as 
the  surface  potentials  and  chain/chain  interaction  are  directly  linked  for  the  first  time  to  the  overall 
composite  properties.  Parametric  studies  on  DGEBA/PACM20  thermosetting  composites  reveal  that 
transverse  stiffness  of  the  composites  strongly  depends  on  the  chain/surface  and  chain/chain  interactions. 
The  transverse  Young's  modulus  shows  a  monotonic  decrease  as  surface  potential  coA  or  interaction 
parameter  x  increase,  due  to  softer  interphases  with  higher  PACM20  concentration. 
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ABSTRACT 

The  cure  kinetics  of  thermosetting  resins  is  affected  by  the  presence  of  the  reinforcement,  which 
leads  to  the  formation  of  an  interphase  region  in  the  vicinity  of  the  fiber.  The  structure  and  the 
properties  of  the  interphase  are  critical  factors  to  the  overall  composite  performance.  A  kinetics 
model  for  interphase  formation  has  been  developed  by  the  authors  to  determine  the  concentration 
and  properties  profiles  near  the  fiber  surface.  In  this  paper,  two  approaches  are  presented  for  the 
estimation  of  the  model  parameters:  one  based  on  direct  measurements  of  the  nanoscale 
interphase  composition  and  the  other  based  on  measured  property  variations  near  a  fiber  surface 
using  micro-interferometry  and  nano-indentation  tests.  Characterization  of  the  kinetics 
parameters  provides  the  critical  information  for  establishing  processing-property  relationships, 
which,  in  turn,  provide  for  optimizing  cure  cycles  to  obtain  tailored  interphase  in  the  composite 
materials.  The  estimated  parameter  values  are  reported  for  AS4,  copper,  graphite,  and  aluminum 
fibers  in  epoxy/amine  curing  agent  systems. 

KEY  WORDS:  Polymer  Matrix  Composites,  Process  Modeling,  Interphase  Kinetics,  Curing  of 
Polymers 


1.  INTRODUCTION 

During  the  cure  of  thermosetting  polymer  composites,  the  presence  of  reinforcing  fibers 
significantly  alters  the  resin  composition  in  the  vicinity  of  the  fiber  surface  via  several 
microscale  processes,  forming  an  interphase  region  with  different  chemical  and  physical 
properties  from  the  bulk  resin.  The  interphase  resides  in  a  region  between  the  original 
constituents  of  the  composite  with  a  size  of  one  to  a  few  thousand  nanometers  (1-5).  The 
performance  of  the  composite  is  determined  by  the  ability  of  the  matrix  to  transfer  load  to  the 
reinforcing  fiber,  and  is  thus  controlled  by  the  interphase  region.  The  structure  and  properties  of 
the  interphase  are  the  dominant  factors  governing  the  overall  composite  properties  and 
performance. 
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Due  to  complexities  of  the  molecular  level  mechanisms  that  occur  in  the  vicinity  of  the  fibers 
during  the  processing,  prediction  of  the  interphase  evolution  as  function  of  processing 
parameters  has  been  the  subject  of  little  attention.  Palmese  (1)  presented  a  model  for  predicting 
the  interphase  composition  profile  under  thermodynamic  equilibrium  conditions  of  a  non¬ 
reacting  epoxy-amine  resin  system.  The  principle  of  minimum  free  energy  was  invoked  to  set  up 
the  equilibrium  state,  accounting  for  enthalpy  interaction  between  fiber  surface  and  resin 
components,  and  the  calculation  of  Gibbs  free  energy  was  based  on  a  Flory-Huggins  type  lattice 
structure.  Hrivnak  (6)  extended  Palmese's  model  to  a  reacting  system  by  using  renewal  theory 
models  to  the  construction  of  the  assembly  Gibbs  free  energy  and  the  associated  chemical 
potential.  In  an  alternative  approach,  a  kinetics-based  description  of  the  governing  phenomena 
was  developed  by  the  authors  to  predict  the  interphase  development  during  thermosetting 
composite  processing  (7-10).  In  this  method,  mass  conservation  principle  was  employed  to 
describe  the  transport  processes  of  multilayer  adsorption,  desorption  and  diffusion  near  a  fiber 
surface,  which  are  accompanied  by  simultaneous  cure  reaction  between  the  resin  components. 
The  time  evolution  of  interphase  concentration  profile  gradients  before  the  gelation  of  the 
thermosetting  system  was  predicted  as  function  of  material  and  process  parameters. 

The  goal  of  this  work  is  to  systematically  determine  the  parameters  in  the  kinetics  model  of  the 
interphase  formation  for  typical  thermosetting  composite  systems,  which  provide  critical 
information  to  establish  the  complete  processing-interphase-properties  relationship.  To  this  end, 
two  approaches  are  explored  based  on  the  type  of  available  experimental  data.  In  one  approach, 
the  amine  concentration  profile  measured  near  a  fiber  surface  by  electron  energy  loss 
spectroscopy  (1 1)  is  used  to  correlate  to  the  model,  and  thereby  determine  the  model  parameters. 
In  a  second  approach,  two  experimental  data  that  implicitly  contain  the  interphase  concentration 
information  are  investigated.  First,  the  modulus  variations  near  a  fiber  surface  obtained  through 
nano-indentation  tests  (12)  are  used  to  determine  the  effective  interphase  thickness  S  and 
modulus  Ei  via  numerical  simulations  of  indentation  tests  on  equivalent  fiber-interphase-matrix 
composite  systems.  In  an  alternative  approach,  values  of  S  and  Ei  may  be  obtained  via 
interferometry  tests  (13).  The  values  of  S  and  E-,  obtained  using  either  of  the  two  methods  are,  in 
turn,  used  together  with  an  empirical  interphase  concentration-modulus  mapping  to  determine 
the  kinetics  parameters.  The  model  is  briefly  reviewed  in  the  next  section  to  identify  the  critical 
microscale  phenomena  and  parameters  during  the  interphase  formation  process.  The  details  of 
the  experimental  data  and  the  correlation  results  for  several  composite  systems  are  discussed  in 
Section  3. 


2.  INTERPHASE  FORMATION  MODEL 

Cure  of  thermosetting  resin  systems  is  characterized  by  the  reaction  between  prepolymer  (or 
monomer)  molecules  and  a  curing  agent  to  form  a  crosslinked  network  that  can  not  flow  upon 
vitrification.  The  reinforcing  fibers  alter  the  cure  characteristic  by  selective  adsorption  of  resin 
components,  which  changes  the  concentration  of  the  reacting  species  in  the  vicinity  of  the  fiber 
surfaces.  The  goal  of  the  present  study  is  to  predict  the  concentration  profiles  of  the  constituent 
species  near  the  fiber  surface  by  considering  the  processes  that  occur  in  the  cure  reaction.  An 
inorganic  fiber/epoxy-amine  thermosetting  system  is  considered  in  the  following  discussion; 
however,  all  the  derivations  and  results  are  applicable  to  a  general  two-component  thermosetting 
system. 
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The  geometry  considered  in  the  cure  kinetics  model  is  the  inter-fiber  space  in  a  composite  having 
a  typical  staggered  fiber  arrangement  (7-10).  The  domain  in  the  model  development  is  idealized 
as  the  region  between  two  identical  infinite  planes  representing  the  fiber  surfaces  (7-10),  which 
may  be  justified  by  the  fact  that  the  interphase  thickness  is  often  small  in  comparison  to  the  fiber 
diameter.  The  domain  between  the  two  fiber  surfaces  is  divided  into  molecular  layers  such  that 
there  are  Nl  layers  in  the  half  domain,  Each  layer  is  further  discretized  along  the  fiber  direction, 
and  molecule  of  epoxy  or  amine  can  occupy  only  one  of  these  discretized  cells  (7-10). 


Due  to  the  interaction  between  resin  molecules  and  the  fiber  surface,  as  well  as  those  among 
resin  molecules  themselves,  epoxy  and  amine  molecules  can  move  from  layer  to  layer.  The  solid 
surface  can  adsorb  molecules  from  a  "bulk"  state  into  an  "adsorbed"  state,  and  conversely, 
molecules  in  the  "adsorbed"  state  may  be  desorbed  into  the  "bulk"  state.  Molecules  in  the 
"adsorbed"  state  are  treated  to  be  fixed  in  the  space  and  are  not  permitted  to  diffuse,  while 
molecules  in  the  "bulk"  state  may  diffuse  within  the  resin  mixture.  Chemical  reaction  between 
epoxy  ( E )  and  amine  (A)  happens  simultaneously  during  the  adsorption,  desorption  and  diffusion 
processes,  resulting  in  a  continuously  evolving  concentration  profile  that  is  "frozen"  in  space 
upon  gelation  of  the  thermosetting  system.  The  reaction  equation  may  be  written  as 

ti\E  +  n^A  — >  P  (1) 

where  P  denotes  the  product  and  «/  and  n2  are  the  molar  numbers  of  the  reactants  needed  to 
produce  1  mol  of  product. 


The  mass  balance  for  the  epoxy  molecules  in  the  "adsorbed"  state  in  any  (z')th  molecular  layer 
yields  (7-10): 


-  Ra,E (*  -  v)+  r,,e  (*'»*')+  k,e(‘  +  v )~ 

adsorption,  R„£  (ij 


(2) 


a')  &d  ,E  (f  +  v)  R~r  ,E  (f  ) 

v - * - '  v - v - - 

desorption  >  g  )  depletion  (reaction') 

In  Eq.  (2),  dNgJdt  is  the  rate  of  change  of  total  number  of  epoxy  molecules  in  the  (z)th 
adsorption  layer,  and  the  subscripts  E  and  i  denote  epoxy  and  (z)th  layer,  respectively.  Epoxy 
molecules  in  the  “bulk”  state  in  the  (z-/)th,  (z)th,  and  (z+7)th  layers  may  be  adsorbed  into  the 
(/)th  molecular  layer,  denoting  by  the  rate  terms  Ra,E(i-l,i),  Ra,E(hi),  and  Ra,[{i+l,i )  respectively; 
in  a  reverse  process,  the  adsorbed  epoxy  molecules  in  the  (z)th  layer  can  also  be  desorbed  into  the 
bulk  in  the  (i-1) th,  (z)th,  and  (z+7)th  layers  through  the  rate  terms  Rd,t{i-l,i),  Rd.r{i,i),  and 
RdAi+hJ,  further,  the  depletion  of  epoxy  in  the  (z)th  adsorption  layer  through  chemical  reaction 
is  determined  by  the  rate  term  Rr,E(i)-  The  expressions  of  the  rate  terms  and  the  mass 
conservation  analysis  to  the  amine  and  product  in  the  adsorbed  state  (i.e.,  Naj  and  Npj)  may  be 
discussed  in  a  similar  way,  and  the  readers  are  referred  to  refs.  (7-10)  for  details. 


The  adsorbed  state  exchanges  mass  with  the  bulk  state,  in  which  the  molecules  undergo  diffusion 
in  addition  to  the  adsorption,  desorption,  and  reaction  processes.  The  mass  balance  for  the  epoxy 
molecules  in  the  bulk  state  in  any  (z)th  molecular  layer  yields  (7-10): 


—rr1  E  [(r°,e U’i)  +Ka  UA+rj.e  M (*  J))] 

■**ooj  j=i-\j+\ 


where  the  mutual  diffusion  coefficient  Dea  in  the  binary  epoxy-amine  mixture  is  a  function  of 
temperature  T  and  cure  extent  .£(7-10),  A L  corresponds  to  the  physical  size  of  a  molecular  layer, 
and  kr  is  the  reaction  rate.  The  terms  in  the  last  two  lines  of  Eq.  (3)  account  for  the  constant 
number  density  assumption,  and  the  diffusion  terms  are  derived  to  consider  the  blockage  effect 
of  the  adsorbed  molecules  (8). 


The  subscripts  E  and  A  in  Eq.  (3)  may  be  switched  to  obtain  the  rate  equation  for  Ne^u  and  the 
equation  for  Npmj  follows  that  in  ref.  (7).  The  symmetry  of  the  geometry  between  two  identical 
fiber  surfaces  suggests  the  following  conditions: 

[adsorbed  state]  Nen^  =  NENL+i ;  NANl  =  NA  Nl+]  ;  Np  n^  =  Np^+l 


[bulk  state]  iV£oo  Wt  =  ^e-,nl+)  >  ^ a-,nlW^ p^,nl  ~^p-~,nl+ > 

For  a  thermosetting  system  with  fiber  sizing  thickness  of  Ns  molecular  layers,  the  initial 
conditions  of  the  species  rate  equations  are:  (1)  the  numbers  of  molecules  for  each  species  in  the 
adsorbed  state  and  the  number  of  product  in  the  bulk  state  are  zero,  (2)  within  the  epoxy  sizing 
layer,  the  number  of  epoxy  is  a  constant,  NEj,  while  the  number  of  amine  is  zero,  and  (3)  beyond 
the  sizing  layer,  the  numbers  of  epoxy  and  amine  species  are  constants,  NE,o  and  NA0, 
respectively.  The  mathematical  expressions  for  the  initial  conditions  may  be  written  as: 

NE,i=:NA,i  =  NPj  =  NP^  (i  =  \,2,-,NL) 

NE^=NEy,NA^=  0;  (/  =  1,2,-,^)  (5) 

tfjKi  =  Ne/>Na~,,  =  Na,o>  {i  =  Ns+l,-,NL) 

For  a  given  temperature  history,  the  microscale  cure  kinetics  model  [Eqs.  (2)-(5)]  may  be  used 
to  predict  the  concentration  profiles  [e.g.,  Nej,  NA  i]  evolution  with  time  near  a  fiber  surface. 


=  N 

>,nl 


The  concentration  profiles  predicted  by  the  kinetics  model  may  be  further  mapped  to  modulus 
profiles  using  a  correlation  of  matrix  modulus  as  a  function  of  concentration  (14).  Since  the 
interphase  region  is  typically  thin  (around  10-500  nm),  most  experimental  or  theoretical  analyses 
consider  only  a  single  uniform  interphase  layer  with  effective  thickness  4  and  modulus  E-,.  An 
"interphase  thickness"  may  be  defined  as  that  distance  from  the  fiber  surface  where  the  amine 
concentration  is  within  1%  of  the  amine  concentration  in  the  far  region  layers.  The  modulus 
profiles  within  the  interphase  thickness  are  averaged  to  determine  the  effective  interphase 
modulus  Ei  (14).  The  relationship  between  concentration  profile  and  the  effective  interphase 
thickness  and  modulus  forms  the  basis  for  extracting  the  kinetics  parameters  for  given  values  of 
5,  and  modulus  Et. 
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3.  RESULTS  AND  DISCUSSION 


The  model  reviewed  in  the  previous  section  is  used  to  calculate  the  molar  concentration  profiles 
(or  modulus  profiles  and  effective  interphase  thickness  and  modulus  for  given  composition- 
modulus  mapping)  under  isothermal  conditions,  T=  To,  where  To  is  the  isothermal  temperature  at 
which  the  cure  process  takes  place.  It  must  be  pointed  out  that  all  the  composite  systems 
discussed  in  this  paper  are  cured  with  an  isothermal  temperature  To  =  80°C.  The  kinetics  model  is 
correlated  to  experimental  data  on  the  interphase  concentration  profiles  or  moduli  to  determine 
the  parameters  of  the  model.  A  thermosetting  resin  system  consisting  of  an  aliphatic  bis(p- 
aminocyclohexyl)  methane  (PACM20)  curing  agent  and  an  aromatic  diglycidyl  ether  of 
bisphenol-A  (DGEBA)  epoxy  resin  is  considered  in  this  study.  The  properties  of  the  resin 
components  and  experimental  data  on  matrix  modulus  as  a  function  of  the  component 
concentration  are  reported  in  the  literature  (1,  14).  In  this  section,  the  two  approaches  introduced 
in  section  1  are  adopted  respectively  to  determine  the  parameters  of  the  kinetics  model  for 
several  composite  systems. 

In  the  first  approach,  the  involved  experimental  data  is  the  interphase  concentration  profile  of  an 
Aluminum/DGEBA/PACM20  system  measured  by  Arayasantiparb  et  al.  (11)  using  spatially 
resolved  electron  energy-loss  spectroscopy  (EELS)  in  a  scanning  transmission  electron 
microscope  (STEM).  An  optimization  program  implementing  the  simulated  annealing  method 
(7)  was  used  to  minimize  the  objective  function  that  defines  the  sum  of  the  squares  of  the 
difference  between  the  model  prediction  of  the  composition  profile  and  the  experimental  data 
from  Arayasantiparb  et  al.  (II).  The  objective  functions  are  governed  by  six  independent 
variables,  namely,  the  diffusivity  scaled  by  AL2  at  temperature  T  =  80°C  and  cure  extent  0, 
DEA.rej/AL2-,  the  reaction  parameter,  kroexp(-Ea/RT);  and  the  adsorption  and  desorption  rate 
parameters,  kaEexp(-EaE/RT),  kdEcxp(-EdF/RT),  kaAexp(-EaA/RT),  and  kdAexp(-EdA/RT),  where 
ka  A  is  the  adsorption  rate  of  amine  molecules,  EaA  is  the  adsorption  activation  energy  of  amine 
molecules,  kd  A  is  the  desorption  rate  of  amine  molecules,  EdA  is  the  desorption  activation  energy 
of  amine  molecules.  The  interested  readers  are  referred  to  the  literature  for  details  on  the 
optimization  technique  (7). 

Figure  1  shows  the  correlation  results  in  terms  of  the  PACM20  volume  fraction  at  the  gelation 
time  as  a  function  of  distance  from  the  aluminum  wire  surface.  The  dashed  line  denotes  the 
experimental  data  from  Arayasantiparb  et  al.  (11),  while  the  solid  line  corresponds  to  model 
prediction.  Recall  that  the  mass  transfer  through  the  adsorption,  desorption,  and  diffusion 
processes  is  dramatically  slowed  when  the  reacting  resin  system  reaches  the  gelation  point,  and 
the  final  concentration  profiles  can  be  approximated  by  the  profiles  at  the  gelation  point.  It  is 
seen  that  the  prediction  follows  closely  to  the  data  over  the  entire  range.  The  concentration  of 
PACM20  in  terms  of  a  percentage  volume,  is  seen  to  be  a  large  value  of  80%  at  the  aluminum 
surface,  indicating  a  preferential  adsorption  on  the  species,  and  decreases  sharply  away  from  the 
fiber  surface.  In  the  region  beyond  100  nm,  experimental  measurements  were  not  reported,  and 
Arayasantiparb  et  al.  (1 1)  state  that  the  concentration  is  a  constant  bulk  value  of  25%.  It  is  noted 
from  Figure  1  that  the  model  predicts  a  decrease  in  the  concentration  to  22%  before  the  recovery 
of  the  bulk  concentration  at  25%.  The  model  prediction  points  to  the  fact  that  the  mass 
aggregation  in  the  region  0-100  nm  must  be  compensated  by  the  mass  deficit  beyond  the  region. 
However,  the  deficit  may  be  too  small  to  be  discerned  in  the  experimental  technique. 
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ALUMINUM/EPON  828/PACM20 


Figure  1  Comparison  of  the  interphase  composition  profile  predicted  by  the  kinetics  model  and  available 
experimental  data  for  an  Aluminum/EPON  828/PACM20  system.  The  parameters  of  the  kinetics  model 
are  obtained  from  a  correlation  of  the  model  to  the  data. 

The  values  of  the  kinetics  parameters  obtained  from  the  correlation  study  in  Fig.  1  are  presented 
as  the  2nd  column  in  Table  1.  The  following  observations  are  obtained  for  the  values  of  the 
parameters:  (a)  the  adsorption  rate  of  DGEBA,  kaEexp(-EaE)/RT),  is  two  orders  of  magnitude 
smaller  than  its  desorption  rate,  kdE^xp^-Ed^/RT,  indicating  that  the  aluminum  surface  does  not 
have  affinity  with  the  DGEBA  molecules,  (b)  the  adsorption  rate  of  PACM20,  k^exp^E^/RT, 
is  about  two  orders  of  magnitude  larger  than  its  desorption  rate,  kdA^xp{-EdA)IRT,  denoting  a 
preferential  adsorption  on  the  PACM20  species  as  reported  by  Arayasantiparb  et  al,  (c)  the 
value  of  reaction  rate,  kroexp(-Ea)/RT,  is  similar  to  that  reported  by  Sanford  (15),  and  (d)  the 
value  of  diffusivity  determined  by  the  parameters  DEA,ref  is  roughly  an  order  of  magnitude  larger 
than  that  reported  by  Sanford  (15).  It  is  seen  that  in  most  cases  the  fitting  results  are  consistent 
with  the  data  in  the  literature. 


Table  1  Kinetics  parameters  determined  from  the  correlation  studies. 


^\Fiber 

Parameter^. 

[s']\ 

Aluminum 

Graphite 

Sized 

Copper 

Sized  AS4 

Unsized 

AS4 

kaEexp(-EaE/RT) 

5.00xl0'J 

3. 80x1  O'3 

4.30x1  O'3 

3.25x1  O'3 

2.90x1 0"3 

k^expi-Ead/RT) 

0.49 

0.37 

0.14 

0.07 

0.08 

Kdstxpi-Eds/RT) 

0.23 

0.12 

0.27 

0.17 

0.18 

KdA&xpi-EdA/RT) 

0.01 

0.03 

0.90x1 0’3 

0.93x1 0’3 

0.70x1 0'3 

DEA,re/AL2 

6.00x1 04 

6.00x1 04 

5.00xl03 

2.10xl04 

6.00x1 04 

Kroexpi-Ea/RT) 

1.00x1  O’4 

1.00x1  o4 

0.90x1  O'4 

0.93x1  O'4 

1.00x1  O'4 
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For  the  experimental  data  that  do  not  explicitly  contain  concentration  profiles,  the  second 
approach  is  adopted  to  conduct  the  correlation  studies  in  two  steps.  First,  the  data  are  used  to 
derive  the  effective  interphase  thickness  and  modulus  via  analytical  or  numerical  methods.  Next, 
the  objective  function  used  in  the  optimization  program  is  modified  to  be  the  sum  of  the  squares 
of  the  difference  between  the  model  prediction  of  the  effective  interphase  thickness  and  modulus 
as  function  of  the  kinetics  parameters  and  the  derived  E,  and  4  values  from  experiments.  The 
kinetics  parameters  are  determined  so  as  to  minimize  the  error  in  a  least  square  sense.  In  the 
present  study,  the  experimental  data  from  Sottos  et  al.  (13)  and  VanLandingham  et  al.  (12)  are 
used  to  determine  the  kinetics  parameters  for  four  fiber/resin/sizing  combinations. 

Sottos  et  al.  (13)  reported  a  nondestructive  interferometric  method  to  measure  the  thermal 
displacement  of  a  Graphite/DGEBA/PACM20  system  near  the  graphite  fiber  surface.  An 
elasticity  solution  was  also  introduced  for  a  three  phase  cylindrical  composite  consisting  of 
concentric  fiber,  interphase  and  bulk  matrix  region.  The  analytical  elasticity  solutions  were 
compared  with  the  experimental  displacement  data,  and  the  effective  interphase  modulus  and 
thickness  were  found  to  be  0.045  GPa  and  0.87  nm,  respectively  (13).  In  another  experimental 
investigation,  the  indenting  capability  of  the  atomic  force  microscope  (AFM)  was  untilized  by 
VanLandingham  et  al.  (12)  to  measure  the  apparent  modulus  profiles  in  the  vicinity  of  several 
inorganic  fiber  surfaces.  Since  the  indent  deformation  near  a  fiber  is  significantly  restricted  by 
the  presence  of  the  much  stiffer  fiber,  the  measured  modulus  (i.e.,  apparent  modulus)  is 
consistently  larger  than  the  intrinsic  modulus  of  the  material.  The  effective  interphase  modulus 
and  thickness  are  determined  from  the  apparent  modulus  profiles  using  a  finite  element  analysis 
as  presented  below. 


For  the  contact  problem  between  a  rigid  indenter  and  an  elastic  half-space,  contact  mechanics 
yields  the  relationship  between  the  indentation  load,  P,  and  the  indentation  depth,  z,  as  (16): 


P  = 


2  rzE 
m(l-v2) 


(6) 


where  m  is  a  constant  depending  on  the  indenter  geometry,  r  is  the  contact  radius,  and  E  and  v 
are  the  apparent  elastic  modulus  and  Poissons  ratio,  respectively.  Using  Eq.  (6)  at  two  different 
locations  on  a  single  sample,  the  ratio  of  local  apparent  modulus  values,  E  and  Eref,  is  related  to 
the  ratios  of  the  contact  loads,  radii  and  displacements  as: 


E  _  P  fre/Zref 

Kf  Pref  rz 

where  the  subscript  ref  denotes  a  reference  location.  In  this  study,  the  contact  between  a  rigid 
indenter  and  a  fiber/interphase/matrix  system  is  simulated  using  ABAQUS,  with  Ej  and  as 
input  information.  At  given  indenter  displacement,  z,  the  finite  element  analysis  yields  the 
contact  load  P  and  radius  r.  To  avoid  the  stiffening  effect  of  the  fiber,  the  reference  location  is 
chosen  to  be  a  location  at  the  bulk  matrix  region,  where  the  apparent  modulus  is  equal  to  the  bulk 
matrix  modulus.  The  indenter  is  then  moved  to  locations  in  the  interphase  region  to  obtain  the 
apparent  modulus  profiles  using  Eq.  (7). 


Figure  2(a)  shows  the  apparent  modulus  as  a  function  of  the  distance  from  the  fiber,  where  the 
symbols  are  experiment  data  from  VanLandingham  et  al.  (12),  and  the  solid  line  represents  the 
numerical  results  from  a  two-dimensional  axisymmetric  finite  element  indentation  model.  The 
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results  correspond  to  an  unsized  AS4  carbon  fiber/EPON  828/PACM20  system  with  fiber 
modulus  EAs4  =  223  GPa  and  matrix  modulus  E$2g  =  2.23  GPa.  It  is  observed  that  the  apparent 
modulus  increases  sharply  as  the  distance  decreases,  owing  to  the  stiffening  effect  of  the  carbon 
fiber;  and  the  matrix  modulus  is  asymptotically  approached  as  the  distance  increases.  The  width 
and  height  of  the  fiber  and  matrix  regions  are  chosen  to  be  large  enough  to  eliminate  the 
boundary  effects  on  the  prediction  of  the  apparent  modulus  profile.  An  interphase  thickness 
value  of  Si  =  100  nm  is  approximated  from  the  data,  and  an  interphase  modulus  value  of  E,  - 
1.49  GPa  is  found  to  yield  a  best  fitting  between  the  finite  element  indentation  model  and  the 
experimental  data. 


The  effective  interphase  thickness  and  modulus  for  two  other  composite  systems  are  determined 
using  the  apparent  modulus  data  from  VanLandingham  et  al.  (12),  and  the  results  are  shown  in 
Figs.  2(b)  and  2(c),  following  the  same  presentation  format  as  that  in  Fig.  1(a).  Figure  2(b) 
pertains  to  a  sized  Copper/EPON  828/P ACM20  system,  where  EPON  1001F  resin  is  applied  as  a 
sizing  layer  on  the  copper  fiber  surface.  The  modulus  ratio  between  a  fully  cured  EPON  1001F 
and  EPON  828  (i.e.,  DGEBA)  is  Eiooif/E828  =  1.4,  and  the  interphase  thickness  is  estimated  to  be 
500  nm  from  the  modulus  data  (12).  It  is  found  that  an  interphase  modulus  of  £,  =  1.90  GPa 
yields  the  best  fitting  to  the  experimental  data.  The  copper  fiber  has  a  modulus  of  Ecu  -  120  GPa, 
therefore,  the  stiffening  effect  of  the  fiber  surface  is  again  apparent. 


Figure  2(c)  presents  the  results  for  a  sized  AS4/EPON  828/PACM20  system,  where  the  sizing 
material  is  EPON  100 IF  and  has  a  thickness  of  1  f. Jm .  When  the  distance  from  fiber  is  greater 

UNSIZED  AS4/EPON  828/PACM20  SIZED  COPPER/EPON  82B/PACM20 


Distance  from  Fiber  Surface  [nm]  Distance  from  Fiber  Surface  [nm] 


SIZED  AS4/EPON  828/PACM20 


Distance  from  Fiber  Surface  [nm] 


Figure  2.  Comparison  between  predictions  of  finite  element  analyses  and  AFM  based  indentation  data  of 
apparent  modulus  near  (a)  unsized  AS4,  (b)  sized  Copper,  and  (c)  sized  AS4  fiber  surfaces. 
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Table  2  Effective  Interphase  thickness  and  Modulus 


Fiber 

8j  [nm] 

Ei  [GPa] 

Reference 

Graphite 

870 

0.045 

Sottos  (13) 

Sized  Copper 

500 

1.90 

VanLandingham  et  al.  (12) 

Sized  AS4 

70 

1.93 

VanLandingham  et  al.  (12) 

Unsized  AS4 

100 

1.49 

VanLandingham  et  al.  (12) 

than  70  nm,  the  apparent  modulus  data  becomes  constant,  which  indicates  that  the  EPON  1001F 
resin  is  uniformly  mixed  with  EPON  828  to  form  a  hybrid  resin  beyond  an  interphase  region 
with  thickness  4  =  70  nm.  In  this  study,  the  modulus  of  the  fully  cured  hybrid  resin  is  assumed  to 
be  the  averaged  values  of  the  EPON  828  and  EPON  1001F,  i.e.,  E hybrid! 'Em  —  1.2.  Finite  element 
analysis  shows  that  £,  =  1.53  GPa  yields  the  best  fitting  with  experimental  data.  Table  2 
summarizes  the  effective  interphase  thickness  and  modulus  values  for  the  various  composites 
systems  mentioned  above. 

The  interphase  properties  of  the  various  composite  systems  in  Table  2  are  used  to  determine  the 
corresponding  kinetics  parameters  using  the  second  approach  mentioned  above  and  the  results 
are  listed  in  the  3rd-6th  columns  in  Table  1.  Using  the  values  of  parameters  in  the  3rd  column  of 
Table  1  as  input  for  the  kinetics  model,  the  final  profiles  of  PACM20  concentration  (in  term  of 
pph  PACM20)  and  modulus  near  a  graphite  surface  are  obtained  in  Fig.  3.  The  modulus  profile  is 
mapped  from  the  concentration  profiles  by  using  a  twin-peak  empirical  equation  reported  in  ref. 
(14).  Since  the  parameter  combination  in  this  case  pertains  to  a  preferential  adsorption  of  amine 


GRAPHITE/EPON  828/PACM20 
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Figure  3  The  interphase  concentration  and  modulus  profiles  that  match  the  effective  interphase  modulus 
and  thickness  reported  by  Sottos  et  al.  (13)  for  a  Graphite/EPON  828/P ACM20  system. 
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molecules,  the  surface  concentration  pph  -  1800  is  well  above  the  bulk  value  of  28.  It  is 
interesting  to  notice  that  the  modulus  profile  has  two  peaks,  which  is  attributed  to  the  twin-peak 
empirical  concentration-modulus  correlation  (14).  The  final  twin-peak  modulus  profile  predicted 
by  the  current  model  deviates  from  the  monotonic  interphase  modulus  profiles  assumed  in  the 
literature  (17),  and  may  have  significant  influence  on  the  overall  composite  properties. 

The  interphase  composition  or  modulus  profiles  for  the  other  composite  systems  in  Table  1  are 
omitted  for  brevity.  An  overall  trend  observed  in  Table  1  is  that  all  the  inorganic  fiber  surfaces 
represent  preferential  adsorption  of  the  PACM20  species,  which  is  consistent  with  results 
reported  in  the  literature.  From  the  values  of  the  amine  adsorption  rate,  it  is  found  that  the 
aluminum  has  the  strongest  affinity  to  PACM20,  followed  by  graphite  and  copper,  and  AS4 
shows  the  weakest  adsorption  of  amine  molecules. 

All  the  composite  systems  in  this  study  are  cured  at  an  isothermal  temperature  To  =  80°C,  and 
consequently,  the  activation  energies  (e.g.,  E^,  Eja)  can  not  be  determined.  It  is  necessary  to 
conduct  a  systematic  study  on  cure  temperatures  to  determine  all  the  parameters  in  the  model.  At 
this  stage,  direct  theoretical  or  experimental  methods  to  determine  the  kinetics  parameters  are  not 
available  and  may  be  a  subject  of  future  work.  The  two  correlation  approaches  presented  in  this 
article  establish  the  processing-interphase-property  relationship  without  any  assumed  interphase 
properties.  Since  the  concentration  profiles  provide  more  precise  information  about  the 
interphase  structure  than  the  two  values  Et  and  <$,  the  correlation  based  on  composition  profiles 
may  be  more  reliable  than  that  based  on  effective  interphase  property  values.  The  results  provide 
capabilities  for  tailoring  composite  properties  and  interphases  via  suitable  material  and 
processing  parameter  selection. 


4.  CONCLUSIONS 

A  microscale  kinetics  model  of  interphase  formation  is  correlated  with  available  experimental 
data  on  interphase  properties  to  determine  the  parameters  of  the  model.  Depending  on  the  type  of 
available  experimental  data,  two  approaches  of  the  correlation  study  are  presented.  The 
correlation  based  directly  on  concentration  profiles  is  preferred  since  more  accurate  interphase 
structure  is  employed.  In  particular,  all  the  inorganic  fiber  surfaces  show  preferential  adsorption 
of  the  PACM20  species.  The  affinity  of  the  fiber  surfaces  to  the  amine  species  may  be  ordered  in 
a  decrease  sequence  as:  Aluminum,  Graphite,  Copper,  and  AS4. 
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